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INTRODUCTION

The incidence and mortality from breast cancer varies significantly in ethnically and

geographically distinct populations (Boring et al., 1994; Ziegler et al., 1993). Patterns of p53

gene mutations in breast cancers are different among several ethnically and/or geographically

distinct populations from the United States, Western Europe and Japan (Blaszyk et al., 1996;

Hartmann et al., 1997). The central hypothesis of this proposal is that variability in the

patterns of p53 mutagenesis in breast cancer reflects differences in exposures to different

amounts and/or types of diverse environmental mutagens (Biggs et al., 1993; Blaszyk et al.,

1996). As stated in our application, we strongly suspect that these toxins would be derived from

the diet (Blaszyk et al., 1996; Hartmann et al., 1997). We planned to test one prediction of this

hypothesis: that the p53 mutation pattern in breast cancers in the 1960's would have a different

pattern of mutation than those previously defined by us in the 1990's.

Mutational patterns may be expected to change as new and/or a greater amount of mutagens are

introduced into the environment and as other mutagens are eliminated. In particular, there have

been major dietary changes in the past 30 years in this population and this may be expected to

change the pattern of mutagen exposure. Indeed, we postulated that mammary cells are

exquisitely sensitive to lipophilic mutagens in the diet because of the unique architecture of

breast tissue, i.e., tiny islands of cancer-prone rapidly dividing mammary cells surrounded by a

sea of fat cells. A limitation of the experiments that were initiated is that a population as a whole

needed to be analyzed for some average effect in the population, since at most one mutation

could be defined per individual. It has now become possible to measure mutation load in an

individual by identifying p53 mutations in the normal mammary cells in an individual.

This new tool greatly increases the power to test the central hypothesis. We propose to test

twenty upper Midwest U.S. women with breast cancer, ten with diets high in animal fat and ten

with diets low in animal fat. In each woman, 30 different mutations will be defined in mammary

cells. The normal breast tissue is obtained away from the tumor margin in women with breast

cancer. With this newly developed technique, it is possible to determine the mutation fingerprint

in each woman and correlate this with her diet type. It is hypothesized that there will be
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substantial individual variation in mutation patterns within the population consistent with a key

prediction of the "lipophilic mutagens hypothesis".

1. Terminology

Mutation load - the frequency, pattern and spectrum of somatic mutations

SCIMLA -Single Cell Immunohistochemical Mutation Load Assay. The analysis of mutation

load, pattern and spectrum using single cells stained and microdissected from human tissue

Red cell - a cell with nuclear immunohistochemnical staining for p53 overabundance

Clear cell - a cell without nuclear immunohistochemical staining for p53 overabundance

Sequence change - any DNA base change

Mutation frequency - the number of cells with a unique conserved, somatic missense change in

the total number of cells examined

Mutant frequency- the number of red cells estimated by the number of red cells divided by the

total number of cells screened.

Mutation pattern - the relative frequency of different types of somatic mutations

Mutation spectrum - the somatic mutation frequency and type at each base position

ADO - allele drop out; defined as the failure to detect one of the two autosomal alleles.

Pyrophosphorolysis: removal of the terminal nucleotide by DNA polymerase in the presence

of pyrophosphate (PPi) to generate the nucleotide triphosphate. This is the reverse of DNA

polymerization. Pyrophosphorolysis is the reverse reaction of DNA polymerization. In the

presence of pyrophosphate, the 3nucleotide is removed from duplex DNA to generate a

triphosphate nucleotide and a 3terminal shortened duplex DNA: [dNMP] n + PPi -+ [dNMP] n-1

+ dNTP(Duetcher and Kornberg 1969).

PAP: Pyrophosphorolysis activated polymerization.
P*: an oligonucleotide with a blocked 3' terminus that is not directly extendable but is

activatable by pyrophosphorolysis.

Sensitivity: The sensitivity is defined as the minimum copy number of a template that generates

a detectable product when P*s match the template. It is determined by serial dilution of the

matched template.
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Specificity: The specificity is defined as the maximum copy number of the mismatched template

that generates an undetectable product when P*s mismatch the template. It is determined by

serial dilution of the mismatched template.

Selectivity: The selectivity is the ratio of sensitivity to specificity.

SCIMPLA - Single Cell Immunohistochemical Partial Mutation Load Assay Simplified version

of SCIMLA in which mutant load is determined in multiple animals (e.g. 20) in which average

mutation load is estimated from distribution of mutant loads. SCIMPLA does not require

microdissection or sequencing.

2. Cancer is a Disease of Mutations

Most, if not all mutagens are carcinogens, although there are carcinogens that are not obviously

mutagens. A better tool for measuring the consequences of mutagens in the environment or

endogenous defects is needed. There are available systems for determining the underlying

pattern of mutation in humans, mouse and fish. When spontaneous mutation is compared in

mouse and Medaka fish in the same transgenic system, the mutation frequency pattern and

spectrum is remarkably similar as it is to the deduced underline pattern of spontaneous human

mutations, as deduced by analyses of human Factor IX gene. However, for most human genes

defective in inborn errors of metabolism, the biology of the gene and the biology of the disease

often skew the underlying pattern so that the observed pattern in disease can vary markedly.

3. Mutations in the p53 gene

Signature mutations permit identification of mutagens. The mutational process can be

characterized by the resulting pattern of mutation, defined as the relative frequencies of various

categories of mutation (e.g., transitions, transversions, deletions and insertions). Virtually all

studied chemical mutagens alter the mutation pattern in specific ways.(Friedberg et al. 1995)

Spontaneous mutation patterns in transgenic and endogenous targets are distinct from mutation

patterns following exposures to known mutagens. For example, benzo[a]pyrene (B[a]P) and

ethylnitrosourea (ENU) specifically cause point mutations at G:C and A:T base pairs,

respectively.(Skopek et al. 1996; Walker et al. 1996) Dimethylbenzanthracene (DMBA) causes

primarily base pair substitutions, predominantly A:T to T:A (44%) and G:C to T:A

(24%).(Manjanatha et al. 2000) In human populations, signature mutations associated with
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specific exogenous mutagens have been observed in samples of somatic mutations in the p53

tumor suppressor gene(Harris and Hollstein 1993; Hussain and Harris 1999), e.g., G to T

transversions in lung cancers of cigarette smokers(Chiba et al. 1990), C to T and CC to TT

tandem dipyrimidine transitions in skin cancers associated with excessive sun exposure(Brash et

al. 1991) and G to T transversions at arginine 249 in liver cancers associated with aflatoxin

exposure.(Bressac et al. 1991; Hsu et al. 1991; Scorsone et al. 1992; Aguilar et al. 1993; Li et al.

1993).

Such signature mutations can be detected in the mutation pattern with high sensitivity. Patterns

of mutations can vary dramatically. As illustration, in a comparison of the pattern of p53

mutations in lung cancers of cigarette smokers with that in colon cancer and the germ line, a

highly significant difference (P < 0.0001) could be detected even though only nine mutations in

lung cancers were available.(Sommer 1990) In the previous examples, one specific mutagen is

believed to have had a dominant influence on the mutation pattern. In general, differences in the

mutation patterns between populations are due to differences in both endogenous processes and

exogenous mutagen exposures, and interactions between these influences. Furthermore,

mutagen exposure may generally involve a mix of mutagens with comparable degrees of

influence on the mutation pattern, rather than one dominant mutagen. Differences between the

mutation patterns in population samples resulting from such complex differences can be

detected.

4. The p53 2ene is a good mutation reporter for a variety of reasons

Alterations of the p53 gene are the most frequent genetic abnormalities in human

malignancies.(Greenblatt et al. 1994) The frequency ofp53 mutations in various cancer tissues

ranges from 10% to 80%.(Soussi et al. 1994) The precise mechanisms by which p53 protein

carries out its biological function are not clear. The ability ofp53 to bind to specific DNA

sequences and to activate transcription suggests an important role in the regulation of cell

proliferation.(Harris 1996a; Harris 1996b) Loss ofp53 function eliminates the growth arrest

response to DNA damage(Kastan et al. 1992) and enhances the frequency of gene

amplification,(Livingstone et al. 1992; Yin et al. 1992) suggesting a role for p53 in the control of

a cell-cycle checkpoint and maintenance of the integrity of the genome.(Lane 1992) p53
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controls the GI cell cycle checkpoint by activating transcription of genes with p53-responsive

elements.

The products of these genes trigger GI arrest after DNA damage, preventing replication of a

damaged DNA template. P53 protein is hypothesized to function in the maintenance of genornic

stability by blocking cells from replication after DNA damage until the damage is repaired or if

the damage is extensive by initiating apoptosis.(Lane 1992) P53 has several key advantages as a

model mutation reporter. 1) Mutations inp53 are clustered within exons 5 to 8 (80% of

mutations within exons 5 to 8;(Hartmann et al. 1995a). 2) P53 protein is stabilized by missense

mutations primarily occurring in exons 5 to 9. P53 protein stabilization permits

immunohistochemical staining to identify cells with mutant p53.(Bartek et al. 1990; Prosser et al.

1990; Bartek et al. 1991; Davidoffet al. 1991; Varley et al. 1991; Bartek et al. 1993) 3)

Mutation screening and DNA sequence determination of exons 5 to 9 involves reasonable

effort.(Kovach et al. 1991; Blaszyk et al. 1995) 4) A great deal of information on the degree of

sequence conservation is available.(Soussi et al. 1990; Walker et al. 1999) Despite speculations

that the p53 gene is "the guardian of the genome",(Lane 1992) compelling data indicate that the

frequency and pattern of mutation are generally unchanged in normal and tumor tissues of p53

nullizygous mice that develop cancer early.(Sands et al. 1995; Buettner et al. 1996; Buettner et

al. 1997) This evidence suggests thatp53 is a good mutation reporter because the background

rate of mutations in p53 deficient cells is similar to that of wild type cells.

5. Breast cancer incidence is hiah. disease etiology is unknown but epidemiological studies

support a role for environmental mutagens

Breast cancer is the most frequent malignancy occurring in women worldwide, with some

600,000 new cases arising each year and accounts for nearly 20% of all cancers among

women.(Higginson et al. 1992) Breast cancer is the major cause of cancer-related deaths in

women residing in the Western world.(Coleman 2000; Kaplan and Wingard 2000) The

worldwide incidence of breast cancer varies by at least fourfold.(Coleman et al. 1993; Coleman

2000) The incidence and mortality from breast cancer varies significantly in ethnically and

geographically distinct populations. Northern peoples, including Scandinavians, Scotts, Welsh,

English and North Americans, have the highest rates of breast cancer whereas Italians, Spaniards
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and Central and South Americans have lower rates of breast cancer.(Boring et al. 1994) Striking

evidence for the geographic specific factors associated with breast cancer incidence come from

altered breast cancer incidence for emigrants from low-risk populations to high-risk

population.(Stemmermann 1991; Coleman et al. 1993; Coleman 2000) Asians, in general, have

had very low rates of breast cancer in the past, which increase upon immigration to the

West.(Ziegler et al. 1993).

This effect is seen in the first generation and is more dramatic in second and subsequent

generations of Japanese in the United States. Despite intensive study, the origins of sporadic

breast cancer are largely unknown.(Lane 1992) Studies examining the role of specific exposures

in breast cancer have found either inconsistent or weak associations.(Millikan et al. 1995) It

would be predicted that epidemiological studies would be inconsistent if different mutagens

predominate in different high-risk cohorts. Analysis of the pattern of mutation in an endogenous

human gene generally should allow high-risk cohorts with different mutagen exposures to be

distinguished from each other due to the different signatures of mutagens.

6. The p63 and p73 genes are used as mutation reporters

Whilep53 is a single predominant protein of 393 amino acids coded by 11 exons,p63 andp73

have three extra exons, coding for an extra stretch of 250 residues. There is an amino acid

identity of 65% between the DNA binding domains of p53,p63 and p73 proteins. P63 and p73

proteins are predominately located in the nucleus (Inoue et al. 2002). Mutant p73 protein is more

stable than the wild type. (Inoue et al. 2002).

BODY

1.The Sommer laboratory has recently developed a prototypical p53 mutation load assay

A flowchart of the methodology of the prototypical p53 mutation load assay (SCIMLA) is

presented in Figure 1. The p53 gene is used as a model reporter because p53 protein is stabilized

and accumulated by missense mutations in exons 5 through 9, making possible

immunohistochemical staining of mutant cells.(Bartek et al. 1990; Prosser et al. 1990; Bartek et

al. 1991; Davidoffet al. 1991; Varley et al. 1991; Bartek et al. 1993). Ethanol-fixed, paraffin-

embedded tissues were immunostained with p53 antibodies (Heinmoller et al. 2002). Single
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cells that stained positively forp53 were microdissected and exons 5 to 9 ofthep53 gene were

amplified from genomic DNA using a Stimulated-PCR method (Schlake et al. 2003). Tissue

processing was optimized to maintain DNA integrity (Heinmoller et al. 2002). Single stranded

genomic DNA was determined to have an average size of 20 kb enabling the amplification and

analysis of the 1.6 kb region ofthep53 gene. Stimulated PCR has a success rate of 80 to 90%

and a high yield with minimal primer artifacts. Until recently, only a few studies have

demonstrated successful molecular analysis using single cells dissected from paraffin-embedded

tissues. The results in these studies were limited by low amplification efficiency and high rates

of allele drop out (ADO; reviewed in Heinmoller et al., Appendix).

Tissue fixation with ethanol (85%) and the addition of 0.2 mM EDTA helped to achieve 80 to

90% success in amplification of 1.6 kb from a single cell from paraffin-embedded tissue.

Normal tissue sections were immunohistochemically stained for overabundance of p53 protein.

Microdissection of single cells was performed with a manual micromanipulator equipped with a

Tungsten needle. Sequence analysis of thep53 gene was performed following Stimulated PCR

using single microdissected cells. These technical advances facilitate routine mutation analysis

using a single cell microdissected from routinely processed paraffin-embedded normal and tumor

tissues. Allele drop out still represents a serious problem in single cell mutation analysis,

especially in samples with limited template DNA and prone to DNA-damage (Figure 3).

2. The prototypical SCIMLA identifies missense mutations in positively stained cells with a low rate
of false positives

Initial results:

43 cells staining positive forp53 overabundance have been manually microdissected and a 1.6 kb region

of thep53 gene amplified and sequenced to identify sequence changes (including exons 5 to 9; Table 1).
A total of 21 sequence changes were observed in the 43 red cells analyzed and 15 of these changes were

conserved missense changes (35%). A total of 34 cells not staining forp53 overabundance were also

manually microdissected and only 5 sequence changes and I conserved missense change (3%) were

identified in the same 1.6 kb region of the p53 gene. Both alleles were detected in 29 of 48 cells (60%)

with a known polymorphism. Thus 40% ADO was measured for our novel approach (Figure 3). For the

34 clear cells analyzed, there were five sequence changes observed. These five changes, which are not in

the germline, are each found in single cells and are putatively the result of polymerase error, although
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there is a very small chance that any given cell might be a rare cell chosen at random that happened to

have a rare somatic mutation in the p53 gene but did not stain immunohistochemically. Thus we estimate

the rate of polymerase error to be 0.00011. For the red cells, a second estimate of polymerase error can

be made by focusing on all the nucleotides that would not give rise to missense changes at conserved

amino acids (1359 nucleotides).

There were five changes in 43 cells that were not missense changes at conserved amino acids. The target

size for amino acid for missense changes at evolutionary conserved residues is 310 nucleotides. Silent

changes and intronic changes in the region sequenced total 1,359 nucleotides. Thus, the ratio of non-

missense changes to missense change at evolutionary conserved amino acids is expected to be 4.4, similar

to the five to one ratio found in the 34 clear cells. Each of the changes is in a different cell (14% of all

cells) and we conclude that these are putative polymerase errors. Thus, there are five errors in 58,437

nucleotides (43 cells x 1,359 nucleotides) or 0.00010. Thus, two different estimates indicate that the rate

of polymerase error is 0.000 1.

3. To date a fully integrated SCIMLA is available for optimization and adaptation for high

througthput.

In summary, the initial studies for SCIMLA define the fixative, section thickness, immunohistochemical

staining protocol, microdissection technique, PCR conditions, post PCR purification and sequencing

protocols optimized to date. If 35% of red cells contain a mutation and 43% of polymorphic cells contain

allele drop out, it is anticipated that roughly 57% of the samples would have a mutation in the absence of

allele drop out. The majority of the red cells are already expected to have a mutation.

4. Mutations load in normal breast tissue in 3 patients:

As part of our preliminary studied we attempt to measure the mutation load in normal breast tissues in

three patients. The following tables summarize the results. (Table 3).

5. Immunohistochemical staining of p63 and p73 proteins

Forp73 immunohistochemical staining a rabbit polyclonal antibodyp73 (Figure 4) (Chemicon, Australia)

was used at a 1:100 dilution to detectp73 protein. P63 protein was stained with a mouse anti-p63

monoclonal antibody (dilution 1:100, Chemicon, Australia). P63 and p73 antibodies were used to stain

various tissues. DAB (3,3' -diaminobenzidine tetrahydrochloride), which develops the stain brown, was

used as a chromogen. The cells were considered positive when a strong brown nuclear staining was

detected. The other "clear" cells were negative. On each slide the number of epithelial cells ranged
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between 1,000 and 25,000. The number of positive stained cells by p63 and p73 is about I per 100,000

cells under optimal conditions. In breast tissue and occasionally in colon and lung tissues we found a

strong nuclear staining within a continuous layer of the basal ductal epithelium, single crypt cells, and

bronchiolar epithelium, respectively, but these cells were not counted.

Tissue fixation in ethanol (85%)//EDTA (0.2 mM)

Tissue Sectioning (6 gm)

Immunohistochemical stairiing with anti-p53 antibodies

Breast Colon

Dissection of stained single cells (red nucleus)

Stimulated PCR from a single cell
M 1 2 3 4 N P 5 6 7 8 9 10

Product2 kb
Primer.

Artefact

DNA sequencing and mutation identification

Figure 1. A flow chart of SCIMLA

I. Modified tissue processing preserves more intact nuclei and genomic DNA. 11. Immunohistochemistry staining normal
breast and colon tissue identifies mutant cells with frequency of 2.5 x 104. p53 positive staining is indicated in bright red
color and no staining is in clear color. Ill. Microdissection of stained single cells selects more intact nuclei. IV Stimulated
PCR from single cells is with 87% successful percentage. A 1.8 kb region of the p53 gene was amplified from genomic DNA
of microdissected single cells for 40 cycles. Lanes I to 10 are single cell samples. Lane N = No DNA control. Lane P =
positive control with 20 cells, M = DNA marker. The PCR product and primer artifacts of 200 bp are indicated. V. Sequence
analysis to detect mutations shows a typical pattern of the wild type and a heterozygous mutation from single cells. The C
mutation is identified with the C peak area >20% of the wild type T peak.
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Table 1. Sonic ntations dected by SINtA

Individual Cell Sequence Amino Acid Species Conservation 3

ID' ID Change2 Change monkey mouse rat chicken Xenopus trout

Red Cells
1 1 G14617A NC 4

1 2 A14582G Lys=>Arg Y Y Y Y Y Y

2 3 A13419G Tyr=> Cys Y Y Y Y Y Y

2 4 G13238A Gly=> Ser Y Y Y Y N Y

2 5 A13419G Tyr=> Cys Y Y Y Y Y Y

2 6 A13245G NC 4

2 6 T14675C NC 4

2 7 A13419G Tyr => Cys Y Y Y Y Y Y

2 8 A13419G Tyr=> Cys Y Y Y Y Y Y

2 9 A13419G Tyr=> Cys Y Y Y Y Y Y

2 10 A13419G Tyr => Cys Y Y Y Y Y Y

2 11 A13419G Tyr=> Cys Y Y Y Y Y Y

2 12 C14793T NC 4

2 13 A13419G Tyr=> Cys Y Y Y Y Y Y

.2 13 A14067G Glu=> Gly Y Y Y Y Y Y

2 14 A13419G Tyr=> Cys Y Y Y Y Y Y

3 15 C13155T Ala=> Val Y Y Y Y Y Y

3 16 C13155T Ala=> Val Y Y Y Y Y Y

3 17 C13155T Ala=> Val Y Y Y Y Y Y

3 18 C13155T Ala=> Val Y Y Y Y Y Y

4 19 T13377G Leu=>Trp Y N Y Y N N

Clear cells

I 1 G13637A NC 4

2 2 C13984T NC 4

3 3 C13253T NC 4

3 4 T13413C Val=>Ala Y Y Y Y N N

3 4 C14283T NC 4

'Data are from normal breast tissue obtained beyond the tumor margin in four women who underwent surgery for
removal of a primary breast tumor
2The genomic sequence of the p53 gene was from a revised version of X54156 in GenBank;
The sequence changes were not present in the germ line of these individuals as determined by sequencing of DNA isolated
from 1,000 cells
3Species conservation was determined according to Soussi et al. [1990]; a conserved missense change is defined as
identity in monkey, mouse, rat and chicken
4NC = no known functional or structural change
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Table 2. Comparison of unique mutation pattern in three SCIMLA patients.

Transisiti
Pattern Comparisons by Fisher's ons at Transitions not at
Exact Test___ ______ __Cp CpG _____Transversions _______

ABC AB BC AC G:C> G:C> A:T> G:C> G:C> A:T> A:T>
Patient 3x7 2x7 2x7 2x0 A:T A:T G:C C:G T:A C:G T:A
A _ __ _ 6 3 0 0 1 0 1
B 0.046* 0.29 6 2F 3 0 4 0 0
C 0.3 0.017*+ 6 0 5 0 0 00

Tissues previously analyzed by the extensively validated Big Blue& system will be used to help validate
SCIM LA. The laboratory has more than 10 years of experience in measuring and analyzing mutation load with
the Big Blue® systemn. We have measured mutation load in multiple tissues through the life cycle of the mouse.
The effects of p53 nullizygosity have been analyzed (Buettner et al. 1996). Analyses of tandem, multiple
mutations and microdeletions/microinsertions have been of particular interest. Big Blue references: (Hill et al.
2003; Hill et al. 2004a; Hill et al. 2004b). SCIMLA has the advantage of analyzing endogenous gene in a
diversity of animals, including animals taken from the wild. With SCIMLA, mutation load can be analyzed in any
Knock out/knock in mouse without breeding the Lac I transgenic mouse. Fig. 5 shows a comparison of mutant
frequency with mutation frequency in two tissues (testis and cerebellum), in Big Blue® mice.

G to A
Z WaA ' ratio

C Z T A1 0 Figure 2. Peak patterns in a known heterozygous G to A
polymorphism

o H E BSingle cells containing a known heterozygous G to A polymorphism inLB~1 .0 4 exon 5at position 13494 were takenlas anexample. The amplified
prodct as equnce usig p3(101624Dprimer. Panel A is the

C wild type populated DNA of more than 1000 copies. Panel A
ef 0 .1 polymorphism amplified firomOiB is the positive control of the

heterozygous G A Opopulated DNA. Panels C to G are the different

S D ____________________patterns of the heterozygous G polymorphism amplified from single
0 g 0.4 5 cells. The ratio of G to A peak area is indicated. The peaks areas of the

.~~~~ ~.. . and Asignals are varied with single cell samples from <0.10 to >10
U. 0 in which either Gor Ais lost.

~~~ E .2 1
B) V

-~~~ .0-. - 0

Fig 3A
Figure 3 Effect of fraction of nucleus volume (A) and single-stranded

0 .1. .___ __.--- ~ --- ~~ DNA length (B)

~~00I. .. ...- A. The effect of fraction of nucleus volume on the amplification

0 2 4percentage and allele dropout rate. The fraction of nucleus volume ()
1 A. - Sc.,. X-xs stecbcpoto fulifo.mcoiscin h

0 .2amplification percentage (%), Y-axis, is the ratio of the number of amplified
,,......................................cells to the total cells. The allele dropout rate (%), Y-axis, is the ratio of the

o 0.2 0 .4 0 .6 0 a I number of allele dropout cells to the number of amplified cells. For

Fig 3B N 0.1. -~ I1ntegrity example, the fraction of nucleus volume (%) is 70%, the amplification
S.~......... ... percentage is 91.0% and the allele dropout rate is 46.2%. B. The length

effect of single-stranded DNA on the amplification percentages and
~ 0.8- ____ -allele dropout rate. X-axis is the average length of single-stranded DNA

00 (kb). It is assumed that ) each single strand is of uniform size and nicks
occur at random in each strand, ii) each single strand without nick is

0.4 'D 'I amplified equally. For example, if the length is 6 kb, a 2 kb PCR segment
0.2 ~---______ -A 0088.has 1/2 chance within an intact single-stranded template without nicking.

U .. ____ 7~ 20 The amplification percentage is 93.7% and the allele dropout rate is 40.0%.
0 5 n o 1 2o

L ngI h I 18.1 .. t, nd.d DNA (kb) 14



Table 3. Analysis of mammary cells in three patients

patient A patient B Patient C
# Mammary cells analyzed 1205000 1394400 912000
Number of red cells 94 37 20
Amplified 94 29 16

Discarded due to contamination 22 0 0

net amplified red cells 52 29 16

Non amplified 20 8 4
number of missense mutation 46 18 11

unique missense mutation 11 15 11

Mutant frequency 1/12819 1/38481 1/45600

mutation frequency 1/109000 1/92960 1/82909

Red cell amplification rate 73% 74% 80%

Percent of amplified red cells with missense mutations 88% 62% 68%

Percent of amplified red cell with Unique missense 21% 52% 68%

mutations
Percent of silent mutation 0% 0% 0%

p63 antibody

Lung Colon Breast

p73 antibody
Colon Colon C A Figure 4. Immunochemistry staining of p63

and p73 proteins
P63 and p73 antibodies were used to stain

S..... .various tissues. Red cell is positively stained.
*/ .Clear cell is negatively stained. On each slide

the number of epithelial cells ranged between
1,000 and 25,000. The number of positive

V stained cells by p63 and p73 is about I per
., ,100,000 cells under optimal conditions.
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Mutant Frequency Versus Mutation Frequency

20
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16
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12 -*100-119%

0120- 139%

E 10 140-159%

Z 01160-179%

_8 0180-199%

Mutant/Mutation Frequency Ratio

Fig 5. Mutant Frequency relative to Mutation Frequency in Big Blue® mice (testis and cerebellum
combined).

6. PAP technology for detection of a sin2le copy of rare mutations

Pyrophosphorolysis is the reverse reaction of DNA polymerization. In the presence of

pyrophosphate, the 3' nucleotide is removed from duplex DNA to generate a triphosphate

nucleotide and a 3' terminal shortened duplex DNA: [dNMP] , + PPi --+ [dNMP] n-1 + dNTP

(Duetcher and Kornberg 1969). PAP is a novel method for nucleic acid amplification (Liu and

Sommer 2000) (Liu and Sommer 2002), where pyrophosphorolysis and polymerization are

serially coupled by DNA polymerase using pyrophosphorolysis activatable oligonucleotides

(P*). P*s are blocked at their 3' termini with dideoxy nucleotides that must be removed by

pyrophosphorolysis for extension to occur. When P* is annealed to its complementary template

strand, the 3' terminal blocker can be removed by pyrophosphorolysis in the presence of

pyrophosphate. The activated oligonucleotide can then be extended by DNA polymerization.
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The extreme selectivity of PAP results from the use of pyrophosphorolysis activatable

oligonucleotides (P*) to serially couple pyrophosphorolysis and polymerization (Liu and

Sommer 2000). Significant nonspecific amplification (Type II error) requires mismatch

pyrophosphorolysis followed by misincorporation by the DNA polymerase, an event with a

frequency estimated to be 3.3x 10- (Liu and Sommer 2000). Great specificity of the primers

without primer dimers may facilitate multiplex PCR in single cells (Fig 6). Bi-PAPA, an

extension of PAP, can be used to measure ultra rare mutations for minimal residual disease

detection and for mutation load analysis. Bi-PAPA complements SCIMLA; it is especially

valuable for hotspots of mutation any nucleotide in the genome can be assayed. However, each

nucleotide change requires a Bi-PAPA assay. Where as the target of mutations for SCIMLA, as

per the available p53 databases includes at least 500 nucleotide changes.

7. DOVAM-S for unknown mutation scanning (Fig 7)

DOVAM-S, is a modification of SSCP in which up to 23 PCR products from genomic DNA are

analyzed in a single lane under five different non-denaturing electrophoresis conditions, which

include various matrices, buffers, temperatures, and additives (Liu et al. 1999a; Buzin et al.

2000). DOVAM-S analysis has been used to scan blinded analyses for F9 and ATM and

prospective analysis of F8 genes with different sizes and numbers of exons. The redundancy of

the multiple electrophoresis conditions permits the detection of virtually all mutations within the

region scanned. The strongest advantages of the DOVAM-S method include the parallel analysis

of 45 to 50 samples using multiple amplified products per lane each gel and the increase in

sensitivity of mutation detection to approximately 100%.(Liu et al. 1999a). DOVAM-S is a

robust method for scanning genomic DNA, particularly in large genes with widely separated

exons and mutations scattered throughout the gene. This highly sensitive scanning technique has

been used for mutation analysis in the hemophilia A, B and the DMD populations. We

extensively validated DOVAM-S by blinded analyses estimate that about 98% of these mutations

could be detected with three of the five conditions and 99.8% with all five conditions.
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Figure 6. Detection of single molecule of target
Genomic DNA samples of the lacf transgenic mice were chosen. 2 gg of mouse genomic DNA was
amplified. A. Sample 12. Assay A was performed. In Lanes 11-12, 13-16 and 17-20, 2 pg, 0.5 pg and
0.125 Vg of the lact mouse genomic DNA of sample 12 were used in each reaction, respectively. Lanes
1-10 are controls, the copy number of the mutated X DNA per reaction was reconstructed by 2-fold serial
dilutions. In lanes 1-10 and 13-20, each reaction also contained I pg of the IacT mouse genomic DNA
carrier. ss = single-stranded, ds = double-stranded.
B. Samples 3 and 9. Assay B was performed. In Lanes 11-14, 2 lAg of the lact mouse genomic DNA of
sample 3 was used in each reaction. In Lanes 15-18, 2 ptg of the lact mouse genomic DNA of sample 9
was used in each reaction. Lanes 1-10 are controls, the copy number of the mutated X DNA per reaction is
indicated. Each control reaction also contained 1 pg of the tacT mouse genomic DNA carrier.

A. Schematic B. single cells DOVAM-S
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Figure 7. DOVAM-S detection of known mutations from single cells
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A key advance has been the successful publication of manuscript stemming directly from

the tasks of this proposal (Single-cell immunohistochemical mutation load assay (SCIMLA)

using human paraffin-embedded tissues. Environ Mol Mutagen. 2003;42(3):206-15.

Schlake G. Liu Q. Heinmoller E, Hill KA, Weiss L, Sommer SS.).

Key research advances i) improvement of the recent immunohistochemical protocol; ii)

demonstration that an individual can harbor a large number of missense mutations in

normal tissue a key point in the mutation load concept; and iii) Identification of a dietary

questionnaire. The "Food and nutrition questionnaire of the breast cancer comprehensive

project" was prepared originally for the national Action plan on breast cancer of the Office

on Women's Health, U.S. Department of Health and human Services by Lenore Kohlmeier,

Ph.D. from School of Public Health and human Services, University of North Carolina and

by the institute of Survey research, Temple University. The questionnaire has the

advantage of covering the dietary history over the lifetime of the subject rather than at a

single period of time.

Task Ia. Development of novel methodologies to permit measurement of mutation

load using the p53 gene in single cells from ethanol-fixed, paraffin-

embedded and immunohistochemically-stained human breast tissue (months

1 to 12). Completed. Analysis of somatic mutation within single cells

permits examination of an individual's mutation load, i.e., the overall

mutation frequency and alterations in mutation pattern and spectrum. These

measurements in normal tissues can identify individuals with a high

mutation load at increased risk for cancer. Mutation frequency and type can

vary dramatically with the type of mutagenic insult or defective repair

system, and can provide clues to identify sources and or mechanisms of

mutation.

The p53 gene was used as a model system, because the p53 protein is

stabilized and accumulated by missense mutation in exons 5 through 9,

making possible immunohistochemical staining of mutant cells. Ethanol-

fixed, paraffin-embedded tissues were immunostained with p53 antibodies.
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Single cells that stained positively for p53 were microdissected and exons 5

to 9 of the p53 gene were amplified from genomic DNA using a novel

Stimulated-PCR method. Figure 1 is a flowchart outlining the novel

approach to the measurement of individual mutation load. Stimulated PCR

has a success rate of 80 to 90% and a high yield with minimal primer

artifacts.

Task lb. Measurement of mutation load in cells immunohistochemically stained for

p53 overabundance and in cells not staining for p53 overabundance (months

1 to 12). Completed (Table 1). To date, 40 cells staining positive for p53

overabundance have been manually microdissected and a 2 kb region of the

human p53 gene amplified and sequenced (including exons 5 to 9). A total

of 24 sequence changes were observed in the 40 cells analyzed and 19 of

these changes were conserved missense changes (47.5%). A total of 55

cells not staining for p53 overabundance were also manually microdissected

and only 10 sequence changes and 3 (6%) conserved missense changes were

identified in the same 2 kb region of the p53 gene.

Task Ic. Measurements of allele drop out (ADO) (months 1 to 12). Completed

(Table 1). Both alleles were detected in 49 of 72 cells (68%) with a known

polymorphism. Thus 32% ADO was measured for our novel approach to

measure mutation load using the p53 gene in single cells microdissected

from ethanol-fixed, paraffin-embedded and immunohistochemically-stained

normal human breast tissue.

Task 2. We propose to test twenty upper Midwest U.S. women who are breast

cancer patients, ten with diets high in animal fat and ten with diets low in

animal fat. In each woman, 30 independent mutations will be identified in

mammary cells of normal breast tissue. The mutation patterns for these two

groups of women will be compared and possible mutagen fingerprints

identified.
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Research progress toward task 1

Development of the P53 Mutation Load Assay (see appendix for publication)

P53 Mutation Load Assay Materials and Methods

Imnmunohistochemical staining and microdissection

Fresh normal tissue from breast cancer patients was cut into 3 to 4 mm thin slices and

immediately transferred into jars with the ethanol-based fixative (85 to 95% Ethanol with 0.2

mM EDTA buffer, pH 8.0) for at least 12 hours. The specimens were processed the following

day, and paraffin embedded using standard procedures of routine pathology. From each tissue

block, sections of 6-micron thickness were cut. The deparaffinization process included one

Xylene step at room temperature for 30 minutes with shaking every 5 minutes, followed by steps

in alcohols of different concentrations. During the Xylene step, the slides were every 5 minutes

carefully shaken to intensify the deparaffinization process followed by hydration using washes in

100% to 70% alcohol. Steam heating at 96 to 1000C for 5 minutes in 1mM EDTA solution (pH

8.0) was performed to unmask the antigenic sites.

The p53 antibody (mouse monoclonal antibody DO-7, Novocastra) was used at a concentration

of 1:150. Another P53 antibody, PAB 240, was used in conjunction with the DO-7 to

increase sensitivity. The tissue sections were stained immunohistochemically for nuclear

overabundance of p53 protein. Cells showed either positive nuclear staining for p53

overabundance (bright red) or no staining (clear). Background fluorescent staining was very

low. The counterstain was Hematoxylin. Single cells were microdissected manually using an

inverted Microscope (Nikon TMS) and a mechanical micromanipulation system (Model MP-285

from Sutter Instruments). Under direct visualization of the immunohistochemical staining, a

tungsten needle was manipulated using a joystick to separate the single cell from surrounding

tissue. The positively stained single cell with intact nucleus was then picked up manually with a

271/2" G needle, and transferred into a 0.2 ml PCR tube containing 5 :1 digestion buffer (#3

High Fidelity Buffer without Mg++, 2 mg/mI Proteinase K (Quiagen), 3% Tween-20 detergent

and 0.2 mM EDTA, pH 8.0). For each new cell microdissected, a fresh needle was used in order
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to avoid contamination. The single cell was digested at 50 'C for 16 hours with following

inactivation of the enzyme at 90'C for 10 min. The remaining cells on the slide were scratched

off, digested by Proteinase K and the genomic DNA was denatured and electrophoresed through

a 1% agarose gel to determine the average length of single stranded DNA (i.e., a measure of

DNA integrity). Genomic DNA quality was estimated by examination of the size of the single

stranded DNA.

Stimulated PCR

Primer Design

Designing the primers is a critical step in a successful Stimulated-PCR reaction. All primers

were designed and analyzed with Oligo5 software (National Biosciences). The Tm of the primer

was estimated by the nearest neighbor method at 50 mM KCI and 250 pM DNA and Tm of the

PCR segment was estimated by the formula of Wetmur: Tm product = 81.5 + 16.6 log (K+=0.05 M)

+ 0.41 (%G + %C) - 675/length. The criteria for specificity included high-specificity with low

base-pairing stability at the 3'end, no primer-dimer or hairpin formation more than 7 bases at the

3'end for any strand and any segment. The primer also had no false priming site on the mouse

p53 gene to generate spurious products.

Stimulated-PCR conditions

Unless stated, the PCR mixtures contained a total volume of 25 :1: human genomic DNA from a

microdissected single cell; #3 Expanded High Fidelity Buffer (Boehringer Mannheim); 3.5 mM

MgCI2; 500 :M of each dNTP; 2% DMSO; 0.2 to 0.6 :M of each of the primers; a mixture of

1.25 U of Platinum Taq DNA polymerases High Fidelity (Taq/GB-D)/1.25U of Platinum Taq

DNA polymerase (GIBCO BRL); 5 :g of BSA and 25 ng of mouse genomic DNA with the

average size of more than 20 kb. The cycling conditions included denaturation at 92°C for 12

seconds, annealing at 60'C for 20 seconds, and elongation at 680C for 2 minutes for 40 or 45

cycles with a Perkin Elmer GeneAmp PCR 9700 system. An additional 20 seconds of

denaturation time proceeded the first cycle. PCR product (2 to 4 RId) was electrophoresed

through a standard 1% agarose gel stained with ethidium bromide for UV photography using a

CCD camera (Bio-Rad GelDoc 1000) and Multi-Analyst software (version 1.1).
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PCR product purification, secondary amplification and DNA sequencing

The PCR product underwent two rounds of purification using MicroconR 100 (Amicon) to

remove the unincorporated primers and primer artifacts. An aliquot of 1 to 2 jil was used to

perform and half or full nest secondary PCR amplification (12 cycles using the above stated

conditions) to attain high product yield without obvious primer artifacts. Two additional rounds

of PCR product purification were completed prior to standard sequence analysis using automated

fluorescent sequencing (AB1377, PE Applied Biosystems) and Big Dye terminator chemistry

with AmpliTaq FS DNA polymerase (PE Applied Biosystem). The data were analyzed by

SequencherTM software (version 3.1.1, Gene Codes). A mutation was called when the mutant

peak volume was at least 20% of the primary wild type peak at the same position in either

sequencing direction. Allele dropout occurred when the peak of one allele was less than 10% of

the other allele peak at a known heterozygous base position in either sequencing direction.

Year One: Challenges - Solutions

1. Measure individual mutation pattern

a) identify mutant cells - use of immunohistochemical staining to identify cells with

overabundance of p53 protein and with potential for containing a conserved missense

mutation in exons 5 to 9 of the p53 gene.

2. maintain high DNA integrity (>20 kb single stranded DNA)

a) optimize tissue fixation - use of ethanol/EDTA for tissue fixation

b) optimize antigen retrieval and immunohistochemical staining - use of steam heat for

antigen retrieval

c) optimize tissue section thickness to obtain fully intact nuclei - use of 6 micron tissue

sections

d) retrieve intact, single nuclei - use of micromanipulator-assisted dissection of single cells

3. attain high efficiency single cell PCR - development of Stimulated PCR

4. attain high quality DNA sequencing - use of extensive PCR product purification and a

secondary half or full nest PCR amplification

5. achieve a low rate of polymerase error and allele drop out - maintenance of high DNA

integrity, use of polymerases with low error rate, acquisition of intact nuclei and use high-

efficiency PCR technique.
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Solutions were identified for each challenge

Year two: Challenges- solutions

1. Reduce assay cost and increase assay efficiency-incorporated DOVAM-S mutation

scanning.

2. Determine how to reduce allele dropout-developed and employed TA.

3. Ensure peer review of assay efficiency and applicability- published novel research

developments and findings.

Acceptable solutions were identified for each challenge.

Year Three: Challenges- solutions

The frequency of positively stained with p53 was less than anticipated

Solutions:

I) This problem was ameliorated in multiple ways. The staining protocol was re-

examined and controlled more rigorously. In addition, the focus of analysis was

shifted to sections of breast tissue that had a high fraction of epithelial cells relative

to fat cells.

II) To increase the sensitivity of the immunohistochemical staining we used additional

anti-p53 antibody which recognize a.a 213-217 of human P53 (PAB 240). The new

antibody was used at a final concentration of 1:150 which is the same concentration

used for DO-7. The cocktail of the two antibodies have considerably increased the

sensitivity of the staining.

III) The DAKO EnVisionTM System (K4016) kit was used to increase sensitivity and
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decrease time of staining. The DAKO EnVisionTM System AP uses an AP

labeled polymer which is conjugated to secondary antibodies. This polymer is

ready-to-use and eliminates the need for separate applications of link antibody

and alkaline phosphatase conjugated reagents. The polymer does not contain

avidin or biotin. Consequently, nonspecific staining resulting from endogenous

avidin-biotin activity in some tissue is eliminated or significantly reduced.

Relevance

The incidence and mortality from breast cancer varies significantly in ethnically and

geographically distinct populations (Boring et al., 1993). Furthermore, when certain low risk

populations, particularly Asian women, immigrate to the West there is a gradual increase in the

incidence of breast cancer to a level approaching that of the indigenous population (Ziegler et al.,

1993). We showed that patterns of genetic damage in the p53 gene, a gene highly associated

with cancers of all types, varies depending on ethnicity and/or place of residence (Hartmann et

al., 1997). We suspect that this variability is related to differences in exposure to environmental

mutagens, presumably through differences in the content of toxic substances in the diet (Biggs et

al., 1993; Blaszyk et al., 1996). The development of this p53 mutation load assay permits

determination of a pattern of mutation in an individual. Mutation patterns will be

determined for twenty upper Midwest U.S. women, ten with diets high in animal fat and ten with

diets low in animal fat. In each woman, 30 different mutations will be identified in epithelial

cells of normal mammary tissue. With this newly developed technique, it is possible to

determine the mutation fingerprint in each woman and correlate this with her diet. It is

hypothesized that there will be substantial individual variation in mutation patterns within the

population consistent with a key prediction of the "lipophilic mutagens hypothesis".

KEY RESEARCH ACCOMPLISHMENTS (months 1 to 12)

1. Development of a protocol with maintenance of high integrity DNA (>20 kb single stranded

DNA) following fixation, embedding, immunohistochemical staining, microdissection and

digestion.

2. Development of single cell PCR with high efficiency, low polymerase error and low allele

drop out (ADO).
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3. Determination of% cells stained for p53 overabundance with conserved missense changes.

4. Determination of% unstained cells with conserved missense changes.

5. Measurement of% ADO.

7. Development of a database for tracking samples, and recording and analyzing mutations.

KEY RESEARCH ACCOMPLISHMENTS (months 13 to 24)

1. Incorporation of DOVAM-S mutation scanning to increase assay efficiency and

reduce assay cost

2. Development of TA to reduce allele dropout

3. Publication of key research findings

KEY RESEARCH ACCOMPLISHMENTS (months 25 to 36 with no cost extension)

1) Improving staining time by using polymer technology: improving staining time not

only saves time but also help to keep the integrity of the DNA intact by reducing the

time in which the tissue is being processed at room temperature. Usually tissue

blocks are kept at 40 C until processed and slides at minus at - 800 C until micro-

dissected. If out of the freezer the slides are always kept on dry ice.

2) Adding a second antibody which recognize an epitope different from the one

recognized by DO-7. Using a cocktail of the PAB 240 and the DO-7 with final

concentration of 1:150 for each antibody increased the sensitivity of the staining.

3) Testing SCIMLA on archival tissues which are collected at different periods. The

success of amplification and genetic analysis from these tissues make SCIMLA

applicable to wide variety of archival tissues if they were fixed in appropriate

fixative and a specific protocol is followed.

4) Demonstrating that tissue from normal breast tissue can harbor up to nine

missense mutations (table 1). Such number of mutations in one individual from

normal tissue is very impressive and has not been demonstrated before. We
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anticipate that the number of mutations will increase as the dissection and analysis

is still underway.

5) Adopting dietary questionnaire. After reviewing and studying many questionnaires.

The PI decided to use "Food and nutrition questionnaire of the breast cancer

comprehensive project".

6) 196 cells positive for p53 were dissected from one case, out which 46 cells have

missense mutations. A total of nine unique missense mutation were found in this

case so far. Table 1 summarizes the mutations in this patient. Two jackpots

mutation were identified one in codon 175 (11 cells) and the other in codon 245.

Both mutations are transitions (G>A). 300 hundred neighboring white cells were

analyzed as controls. Three have showed the same missense mutation as codon 245

and one showed the same missense mutation as codon 175.

7) Determination of mutation load in normal mammary tissue from three patients (see

above).

8) Demonstration that rare cells can be detected in mammary cells by p63's straining;

although formal proof is not yet available, the data suggest that p63 will be a useful

reporter gene, augmenting in supplementing the data available for p53. Since p63 is

rarely mutated in tumors, p63 promises to be a general tool for measuring mutation

load in breast cancers.

8. Demonstration that multiplex PAP can be used to amplify multiple exons from

single cells using a model system.
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OUTCOMES:

Manuscripts

Schlake G, Liu 0, Heinmoller E, Hill KA, Weiss L, Sommer SS. Single-cell

immunohistochemical mutation load assay (SCIMLA) using human paraffin-embedded

tissues. Environ Mol Mutagen. 2003;42(3):206-15.

Heinmoeller, et al., 2001. Toward efficient analysis of mutations in single cells from ethanol-

fixed, paraffin-embedded and immunohistochemically-stained tissues. Laboratory

Investigations 82(4): 443-53,2002.

Hill and Sommer, 2001. P53 as a mutagen test in breast cancer. Environmental and

Molecular Mutagenesis 39: 216-227,2002.

Abstracts

Sommer et al., 2004. SCIMLA, A general tool for measuring somatic mutation load in solid

tissues: Dramatic inter-individual variation mutagen hypothesis of breast cancer.

Submitted for American Association for Cancer Research.

Sommer et al., 2001. Measuring mutation load in human cells from paraffin-embedded

human tissues. Annual Meeting of the Environmental Mutagen Society (poster presentation).

Hill K.A. 2001. P53, ATM and breast cancer: A keynote address. Breast cancer and

environmental mutagens: Bridging molecular research to medicine and public health. A special

interest group meeting of the Environmental Mutagen Society.

Schlake et al., 2001. Measurement of mutation load using microdissected single cells from

ethanol-fixed, paraffin-embedded and immunohistochemically-stained human tissues.

Annual meeting of the American Society of Human Genetics (poster presentation).
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Meetings

2004 Annual Meeting of the American Society of Human Genetics

2004 Annual Meeting of the Environmental Mutagens Society

2004 The Jackson Laboratory "Mutagenesis Meeting"

2003 Annual Meeting of the Environmental Mutagens Society

2003 Annual Meeting of the American Society of Human Genetics

2002 Annual meeting of the environmental Mutagen Society

2001 Annual meeting of the Environmental Mutagen Society.

2001 Breast cancer and environmental mutagens: Bridging molecular research to medicine and

public health. A special interest group meeting of the Environmental Mutagen Society.

2001 Annual meeting of the American Society of Human Genetics.

Presentations

Sommer, Steve S. 2002. Human Mutation Load Assay(HMLA) using the Tp53 gene of

single cells from paraffin-embedded human tissues. The annual meeting of the

environmental Mutagen Society.

Hill, 2001. Measurement of mutation load using the p53 gene in human cells from paraffin-

embedded tissues. The annual meeting of the Environmental Mutagen Society; Special Interest

Group Session on Novel Technologies.

Hill K.A. 2001. P53, ATM and breast cancer: A keynote address. Breast cancer and

environmental mutagens: Bridging molecular research to medicine and public health, a special

interest group meeting of the Environmental Mutagen Society.

CONCLUSIONS

The newly developed p53 mutation load assay permits detection of mutations in 2 kb of the p53

gene amplified from single cells immunohistochemically stained for overabundance of p53

protein and manually microdissected from paraffin-embedded, normal human tissues. The assay

identified conserved missense changes in 2 kb of the p53 gene in single cells with over

expression of the p53 protein. Rarely do cells with normal p53 over expression have conserved

missense changes in the p53 gene. The rate of allele drop out in the performance of this assay is
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low. The probability of identifying rare heterozygous mutations is high. The method is

applicable to a variety of human tissues that are ethanol fixed, paraffin embedded and

immunohistochemically stained. Careful DNA preservation, sensitive immunohistochemical

staining, precise manual microdissection of single cells and high efficiency amplification from

single cells allows mutation load to be measured in single cells of normal human tissues. We

demonstrate detection of rare heterozygous mutations in at least 2 kb of the p53 gene amplified

from single cells. It has now become possible to measure mutation load in an individual by

identifying p53 mutations in the normal mammary cells in an individual. This new tool

greatly increases the power to test the central hypothesis. The original tasks proposed have

been revised to permit measurement of mutation pattern in an individual. We propose to

test twenty upper Midwest U.S. women with breast cancer, ten with diets high in animal fat and

ten with diets low in animal fat. In each woman, 30 different mutations will be defined in

mammary cells. The normal breast tissue is obtained away from the tumor margin in women

with breast cancer. With this newly developed technique, it is possible to determine the mutation

fingerprint in each woman and correlate this with her diet. It is hypothesized that there will be

substantial individual variation in mutation patterns within the population consistent with a key

prediction of the "lipophilic mutagens hypothesis".
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APPENDIX 1

Environmental and Molecular Mutagenesis 42:206-215 (2003)

Single-Cell Immunohistochemical Mutation Load Assay
(SCIMLA) Using Human Paraffin-Embedded Tissues

Gudrun Schlake,' Qiang Liu, 2 Ernst Heinm~ller,l Kathleen A. Hill, 1

Lawrence Weiss, 3 and Steve S. Sommer', 2*

'Department of Molecular Genetics, City of Hope National Medical Center and
Beckman Research Institute, Duarte, California

2Department of Molecular Diagnosis, City of Hope National Medical Center and
Beckman Research Institute, Duarte, California3Department of Pathology, City of Hope National Medical Center and Beckman

Research Institute, Duarte, California

It would be advantageous to measure mutation bedded tissues. A novel stimulated-PCR (S-PCR)
load in situ in order to determine the relationship protocol permitted successful amplification of a
between a high mutation load and increased risk 1 .8-kb segment of the P53 gene (i.e., exons 5-9) in
for cancer or other diseases and to evaluate 87% of single mammary cells. Subsequent se-
sources of possible mutagen exposure. Previously, quence analysis demonstrated that 35% of the am-
in situ mutation detection assays have been plified red-stained epithelial cells from normal
plagued with multiple rounds of amplification and breast tissue have missense mutations at evolution-
high rates of false-positives and false-negatives. arily conserved amino acids. Jackpot mutations,
The single cell immunohistochemical mutation load presumably due to clonal expansion, were cam-
assay (SCIMLA) was developed to measure so- man. False-positive missense mutations at con-
matic mutation frequency, pattern, and spectrum in served residues were observed in 3% of the clear
normal tissues with a single round of amplification, cells (i.e., without red stain), presumably due to
The P53 gene was utilized as a mutation reporter DNA polymerase error in early PCR cycles. The
because of the unusual property that missense mu- allele dropout rate was measured at 40% of the
tations often cause P53 protein to accumulate in amplified cells. SCIMLA is applicable to a variety
the cell, allowing the mutant proteins to be de- of tissues, utilizes a single amplification of an en-
tected by immunohistochemical staining. Alterna- dogenous gene, displays mutant cells in situ, and
tive reporter genes with stabilized mutant proteins may be adapted to other species. Environ. Mol.
may be envisioned. Single cells that stain positively Mutagen. 42:206-215, 2003. © 2003 Wiley-
for P53 protein overabundance (red cells) were Liss, Inc.
microdissected from ethanol-fixed and paraffin-em-

Key words: P53 gene; single cell analysis; single cell microdissection; single cell amplification;
mutation load; allele dropout; immunohistochemical staining

INTRODUCTION defects [Andrew et al., 1996, 1997, 2000; Buettner et al.,
1997], infection [Motorna et al., 2001], and mutagen expo-

Genetic damage accumulates over time as a result of sure [Skopek et al., 1995, 1996; Walker et al., 1996]. These
endogenous factors or environmental insults. Detection of data are averages for all the cell types in a tissue, unless
somatic mutations within single cells would permit mea- specific cell types can be purified.
surement of an individual's mutation load (i.e., the mutation Mutation load can be measured in T-cells by utilizing the
frequency, pattern, and spectrum). These measurements in
nonrmal tissues can identify individuals with a high mutation
load at increased risk for disease, including cancer, by Grant sponsor: DAMD; Grant number: 17-00-1-0204.

indicating an endogenous predisposition or a mutagen ex- *Correspondence to: Steve S. Sommer, M.D., Ph.D., Director, Depart-

posure risk. ments of Molecular Genetics and Molecular Diagnosis, City of 1-lope

Mutation load has been studied in rodents using trans- National Medical Center, 1500 East Duarte Road, Duarte, CA 91010-3000.

genic mouse mutation detection systems and the best stud- E-mail: sommerlab@coh.org

ied contain either the lac, lacZ, or supF genes integrated Received 23 May 2003; provisionally accepted 21 June 2003; and in final

within a mouse chromosome [Hill et al., 1999; Heddle et al., form 10 July 2003

2000; Nohmi et al., 2000; Lewis et al., 2001]. Data now DOt 10.1002/em.10193

exist on the relationship of mutation load to the life cycle of
the mouse [Stuart et al., 2000; Ono et al., 2000], endogenous

© 2003 Wiley-Liss, Inc.
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HPRT gene [Recio et al., 1990; Cariello and Skopek, 1993; missense mutations in exons 5-9 of the P53 gene that lead
Cole and Skopek, 1994; Albertini, 2001]. Recently, the to overabundance of P53 protein detectable by immunohis-
approach was extended to kidney [Colgin et al., 2002]. tochemical staining. The method used a two-step amplifi-
Mutation load has been measured at four nucleotides of the cation protocol composed of whole genome amplification
P53 gene [Aguilar et al., 1993; Hussain et al., 2000, 2001] using a modified improved primer extension preamplifica-
by using a mutation enrichment method with multiple tion-PCR, followed by specific multiplex nested PCR. The
rounds of restriction endonuclease digestion and PCR am- protocol was cumbersome and suffered from a high rate of
plification. A high mutation load was observed in normal allele dropout (ADO, i.e., detection of only one of two
lung tissue in individuals with lung cancer and P53 hotspot possible alleles), such that at least one of exons 5-9 were
codons showed the signature mutations for known mutagens not amplified in more than 85% all patients cells.
in cigarette smoke [Hussain et al., 2001]. Increased P53 Herein, the single cell immunohistochemical mutation
mutation load in normal colon tissue was observed in indi- load assay (SCIMLA) was developed to measure in situ the
viduals with ulcerative colitis, a cancer-prone chronic in- frequency, pattern, and spectrum of rare somatic P53 mu-
flammatory disease [Hussain et al., 2000]. This assay is tations using a novel 1.8-kb single-step amplification pro-
limited to a few nucleotide substitutions and does not permit tocol specifically designed for amplification from single
in situ identification of mutant cells, determination of mu- cells with minimal PCR-associated ADO. A single robust
tant frequency, or involve the molecular analysis of single amplification of exons 5-9 produces a tolerable rate of ADO
cells. and low rate of false-positive mutations. An important fea-

A whole-mount preparation method examined mutation ture of the assay is that individual mutant cells can be placed
load in situ in clusters of 60-3,000 cells of the human in the architecture of intact tissues.
epidermis using immunohistochemical analysis of stabilized
P53 protein and detected frequent clonal expansion of P53- MATERIALS AND METHODS
mutated keratinocytes [Jonason et al., 1996]. Molecular
analysis of the mutant clones revealed the mutation signa- Sample Acquisition
ture of UV in sun-exposed skin in which P53-stained cellscluster and are much more abundant than in other tissues. It Normal tissues from breast, colon, and lung were obtained from cancer
ilustr andesra e to ch identi abumethod tf in situe deetio. of patients undergoing surgery at the City of Hope National Medical Center.
is desirable to identify a method for in situ detection of When the patient had a tumor, the normal tissue, as judged by a pathologist
single cells with endogenous gene mutations for measure- (GS), was dissected away from the tumor margin. The study has IRB

ment of in vivo mutation load. approval.
The P53 gene has several properties that may make it an

advantageous reporter for single nucleotide substitutions or Tissue Processing and Immunohistochemical Staining
short in-frame deletions: 1) The region of likely functional
significance is small enough to allow rapid scanning, i.e., The tissue samples were cut into 3-4 mm slices, transferred immediately

P53 mutations are clustered within exons 5-9 (in breast into jars containing an ethanol-based fixative (85% ethanol with 0.2 mM
EDTA buffer, pH 8.0). and incubated for 3 days. The specimens were

cancer, 93% of mutations occur within exons 5-9 [Hart- embedded in paraffin, Serial sections of 6 tim thickness were cut. Depar-

mann et al., 1995]); 2) the P53 protein has the unusual affinization included one xylene step at room temperature for 30 min with
property that missense mutations often stabilize the protein, shaking every 5 min. followed by serial rehydration using 100%-70%

permitting immunohistochemical staining to identify mutant ethanol. Shaking is necessary for complete deparaffinization and a high rate

P53 cells [Bartek et al., 1990]; 3) substantial information is of amplification. Antigenic sites of the P53 protein were unmasked using
steam heat for 5 min in I mM EDTA buffer (pH 8.0) at 96-1001C. The

available on the level of p53 sequence conservation [Soussi mouse monoclonal p53 antibody D07 (Novocastra, Newcastle Upon Tyne,

et al., 1990; Walker et al., 1999]; and 4) the frequency and UK) was used for immunohistochemical staining at a titer of 1:200. The
pattern of mutation are generally unchanged in normal tissue sections were stained immunohistochemically for overabundance of
tissues and elevated little, if at all, in tumor tissues of P53 protein and counterstained with hematoxylin. Cells with positive
p53-nullizygous mice [Sands et al., 1995; Buettner et al., nuclear staining for an overabundance of P53 protein were termed red cells

and had bright red nuclei. In contrast, clear cells showed no P53 antibody
1996, 1997], suggesting that the background rate of muta- staining and had hematoxylin (blue)-stained nuclei.
tion in p53-deficient cells is similar to that of the wild-type
cells.

Previously, we reported progress toward analysis of mu- Single Cell Microdissection
tations in single cells from ethanol-fixed, paraffin-embed- Single cells were microdissected using an inverted microscope (Nikon

ded, and immunohistochemically stained tissues [Hein- TMS, Tokyo, Japan) and a mechanical micromanipulation system (Model

moller et al., 2002a]. Single cells from ethanol-fixed and MP-285 from Sutter Instruments, Novato, CA; protocol reviewed in

paraffin-embedded tissues that stain positive for P53 over- Heinmoller et al. [2002b]). Under direct visualization of the immunohis-
tochemical staining, a joystick was used to manipulate a tungsten needle to

abundance were microdissected from normal human tissues separate single cells from the surrounding tissue. The freed single cell with

and exons 5-9 of the P53 gene were amplified individually a well-preserved nucleus was manually transferred with a sterile 27 Gl/2"

to measure mutation load based on detection of primarily needle into a 0.2 ml PCR tube containing 5 p.l digestion buffer (#3 High
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TABLE I. List of Primers for the P53 Gene

Primer PCR segment'

Size Tm Size Tm GC
Name' Sequence (5'-3'/ (base) (°C)b GC% (bp) (OC) 2  %

I P53(I3005)30D TGTTCACTTGTGCCCTGACTTTCAACTCTG 30 65 46.7 1858 81.7 54.5
2 P53(14862)30U CCTGATGGCAAATGCCCCAATTGCAGGTAA 30 71.5 50.0
3 P53(13007)30D TTCACTTGTGCCCTGACTTTCAACTCTGTC 30 64.3 47.7 1848 81.7 54.5
4 P53(14853)30U AAATGCCCCAATTGCAGGTAAAACAGTCAA 30 66.2 40.0
5 P53(13015)24D TGCCCTGACTTTCAACTCTGTCTC 24 56.4 50 D sequencing
6 P53(13280)20D AGGGTCCCCAGGCCTCTGAT 20 58.3 65 D sequencing
7 P53(13489)22U GGCCACTGACAACCACCCTTAA 22 57.5 54.5 U sequencing
8 P53(13949)20D AGGTCTCCCCAAGGCGCACT 20 59.5 65 D sequencing
9 P53(14153)20U GGGGCACAGCAGGCCAGTGT 20 61.7 70 U sequencing
10 P53(14505)19D GGAGAGACCGGCGCACAGA 19 58.4 68.4 D sequencing
I I P53(14815)24U CGGCATTTTGAGTGTTAGACTGGA 24 57.1 45.8 U sequencing

'lnformative names give the precise sizes and locations of the PCR fragment. As an example for P53(13005)30D, P53 - the P53 gene, (13005)30D =
5' end of the primer begins at 13,005 base position, and the length is 30 bases "downstream" (D) (i.e., in the direction of transcription). The sequence
of the P53 gene was from a revised version of X54156 in GenBank.
'T., of the primer was estimated by the nearest-neighbor method at 50 mM KCI and 250 pM DNA and T. of the PCR segment was estimated by the
formula of Wetmur: T,.•"'P'"'1 = 81.5 + 16.6 log[K' = 0.05 M] + 0.41(%G + %C) -675/length.
'Primer pair of I and 2 was used for S-PCR; primer pair of 3 and 4 was for nested PCR; Primers 5 to I I were for sequencing.

Fidelity buffer without Mg++; Roche, Indianapolis, IN), 2 mg/ml Protein- the PCR segment was estimated by the formula of Wetmur [1991]:
ase K (Qiagen, Santa Clarita, CA). 3% Tween-20 detergent, and 0.2 mM TPdct = 81.5 + 16.6 log[K* = 0.05 M]+ 0.41(%G + %C) -675/length.
EDTA, pH 8.0. The single cell was digested at 50'C for 16 hr followed by The criteria for specificity included: 1) a maximum of three complementary
inactivation of Proteinase K by heating at 90'C for 10 min. nucleotides at the 3' ends of each oligonucleotide; 2) no false priming sites

on the mouse p53 gene (due to the presence of mouse genomic DNA
during S-PCR); and 3) no false priming sites on the human P53 gene, i.e.,

Length of the Single-Stranded DNA Template no more than seven bases at the 3' end of the primers were identical to the

1.8-kb amplified segment. The P53 gene from single cells was amplified
To estimate the average length of the single-stranded genomic DNA with the "PCR Heaven" protocol used for a robust, simple, and quantitative

following tissue processing, 3,000 cells were scraped from the tissue PCR protocol [Liu et al., 2003]. "PCR Heaven" is a term that refers to high
section and digested. The genomic DNA was denatured by heating and levels of key components of PCR (concentrations of primer, DNA poly-
electrophoresed through a 0.8% agarose gel to determine the average merases, dNTPs, additives, and magnesium optimized in the presence of
length, representing most likely the length of the single-stranded DNA mouse genomic DNA carrier), such that amplification is Virtually 100%

template from a single cell. efficient per cycle under normal conditions, although the efficiency for one

or two copies of genome template is unclear.

Stimulated-PCR (S-PCR) From Single Cells The PCR mixtures contained in a total volume of 25 p.1: human genomic
DNA from a single microdissected cell, #3 Expand High Fidelity buffer

The 1.8-kb segment including exons 5-9 of the P53 gene was amplified (Roche), 3.5 mM MgC1,; 500 p.M of each dNTP, 2% DMSO; 0.4 p.M of
from single cells using S-PCR after systematically evaluating multiple each primer, and 5 Rag of BSA. A mixture containing a very high poly-
parameters. The PCR components included exogenous carrier mouse merase concentration (1.25 U of Platinum Taq/GB-D High Fidelity DNA
DNA, bovine serum albumin, primer. antibody-inactivated Platinum High Polymerases / 1.25 U of Platinum Taq DNA polymerase (Invitrogen)) and
Fidelity Taq DNA polymerase (Taq/GB-D DNA polymerases), Mg++, 25 ng of mouse genomic DNA was critical to success. The cycling
dNTP, deaza-dGTP, and DMSO; and the thermocycling conditions, includ- conditions included denaturation at 92'C for 12 see, annealing at 60'C for
ing annealing and extension temperatures and periods, were explored 20 see, and elongation at 68°C for 2 min for 40 or 45 cycles with a Perkin
extensively. For example. high concentrations of the enzymes (2.5 U of Elmer GeneAmp PCR system 9700 (Boston, MA). An additional 20 sec of

Taq/GB-D polymerases/25 p.l reaction volune), 4-fold the concentration denaturation preceded the first cycle. As a positive control for S-PCR, a
recommended by the manufacturer (Invitrogen, Carlsbad, CA), achieved sample of 50-100 cells was scraped from the slide. Aliquots of 2 i.1 of the

the highest amplification yield. Mixing of Platinum Taq with Platinum PCR product were electrophoresed through a standard 1% agarose gel and
Taq/GB-D High Fidelity DNA Polymerases in 1:I unit ratio, which in- the gel was stained with ethidium bromide for UV photography by a CCD
creased the unit ratio of Taq to GB-D by 2-fold, amplified better than the camera (Bio-Rad Gel Doc 1000; Hercules, CA). The PCR product was
High Fidelity enzymes alone, indicating that not only the total units but purified using MicroconO 100 columns (Amicon. Bedford, MA) to remove
also the ratio of the two enzymes are important. Hot-start using Taq the dNTPs, unincorporated primers, and primer artifacts.
antibody to inactivate Taq DNA polymerase at room temperature generated
fewer primer artifacts using 40-45 cycles. Primers with AA dinucleotides
at the 3' end also formed fewer dimers [Gelfand et al., 1999]. Sequence Analysis and Mutation Identification

Primer design was critical. Primers were designed with strict criteria to
ensure specificity and efficiency (Table 1). The successful pair of oligonu- A second nested PCR was performed for 12-15 cycles under standard
cleotides were designed and analyzed with Oligo 5 software (National conditions of Platinum Taq/GB-D High Fidelity DNA Polymerases to
Biosciences, Plymouth, MN). The T, of the primer was estimated by the obtain higher product yield. The PCR product purification was repeated as
nearest-neighbor method at 50 mM KCI and 250 pM DNA and the T. of given above. DNA sequencing was performed using an ABI 377 fluores-
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cent DNA sequencer and BigDye terminator chemistry with AmpliTaq FS I. Ethanol-fixation and paraffin-embedding
DNA polymerase (Applied Biosystems, Foster City, CA). The sequencing
primers are listed in Table 1. The data were analyzed using SequencheriM t
sequence analysis software (v. 3.1.1; Gene Codes, Ann Arbor, MI). Chro-
matogram primary and secondary peak areas were computed using Phred II.p53 immunohistochemical staining
[Ewing and Green, 1998; Ewing et al., 1998]. A mutation was identified as.
a second peak that had at least 20% of the wild-type peak area at the same . p
base position in one of the sequencing directions. ADO was identified :

when the peak area of one allele was less than 20% of the other allele at a •, .'•.

known heterozygous base position.

Breast Colon
Contamination •

Contamination can be a significant problem for amplification from single HL. Mlcodissection of stained single cells
cells, because of the precision required for microdissection of single cells
from tissue sections, limited target template, various sources of other

DNAs, and extensive PCR amplifications. The following steps were taken IV. Stimulated PCR from single cells
to minimize potential contamination: 1) negative controls without target
DNA (prepared by transferring scrapings from regions of the tissue section Lane M 1 2 3 4 N P 5 6 7 8 9 10

not containing nuclei) were always used, and 2) the microdissection and
preparation of amplification from single cells were always performed in a 1.8 kb
"clean room" (i.e., isolated from post-PCR sample processing and analy- PrIl

sis). Aatefad

RESULTS V. Sequence analysis to detect mutations
Preliminary Estimates of Mutant Frequency Based on W '

Immunohistochemical Staining

The average number of "positive" red cells per tissue M, "section was examined for normal tissue found in four breast
cancer patients. The average staining frequency was esti-
mated at 2.5 X 104.

Fig. 1. A flow chart of the single cell imomunohistochemical mutation
load assay (SCIMLA) protocol. 1. Modified tissue processing maxi-

S-PCR From Single Cells mizes recovery of intact nuclei and genomic DNA. 11. Immunohisto-
chemical staining of normal breast and colon tissue identifies mutant

A detailed analysis of amplification parameters led to cells with a frequency of 2.5 X 10-4. Bright red nuclei indicate positive
robust amplification of a 1.8-kb segment with exons 5-9 of staining for overabundance of P53 protein. Clear cells do not show
the P53 gene from single cells. The S-PCR protocol was immunohistochemical staining for P53 overabundance. Ill. Microdis-
successful in 87% of amplifications of the P53 gene from section of stained single cells selects nuclei with a high fraction of the

is total nuclear volume. IV. Stimulated-PCR (S-PCR) is successful in 87%
of single cells. A 1.8-kb region of the P53 gene is amplified from

shown in Figure 1, Step IV. Among the more important genomic DNA of microdissected single cells using 40 cycles. Lanes
parameters for success with single cells are appropriate 1-10 are single-cell samples. Lane N = no DNA control. Lane P =
design of primers, addition of mouse DNA, high concen- positive control with 20 cells, M = DNA marker. The S-PCR product
tration of two DNA polymerases, and the hot-start method (1.8 kb) and primer artifacts (200 bp) are indicated. V. Sequence

(see Materials and Methods). analysis to detect mutations shows a typical pattern of the wild-type
(WT) and a heterozygous mutation (MT) from single cells.

Mutations Identified in Stained Single Cells

Forty-three red cells were rnicrodissected from four pa- 13155C-->T, n = 4 cells from individual 3). Each mutation

tients. The 1.8-kb region of the P53 gene was amplified and was found in only one person and each mutation cosegre-

1.6 kb was sequenced (including exons 5-9). A total of 21 gated with the same nearby polymorphic allele, observa-

sequence changes were observed (49%), including 16 mis- tions consistent with clonal expansion. Sequence analysis of

sense changes (Table II). Of the missense changes, 15 the tumors indicates that these jackpot mutations were not in
occurred at evolutionarily conserved amino acids (35%) and the clones that gave rise to the breast cancer in these
were scored as bona fide somatic mutations associated with women. A significantly greater frequency of conserved mis-
the red staining. Two jackpot mutations were observed sense mutations was observed in red compared to clear cells
(Table II; 13419A-->G, n = 9 cells from individual 2 and (P < 0.0001; Fisher's exact test).
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TABLE II. Sequence Changes in the P53 Gene in Single Cells

Individual Sequence Amino acid Species conservation'

ID' Cell ID change' change Monkey Mouse Rat Chicken Xenopus Trout

Red Cells
I I G 14617A NCd

1 2 A14582G Lys 7> Arg Y Y Y Y Y Y
2 3 A13419G Tyr 7> Cys Y Y Y Y Y Y
2 4 G13238A Gly :> Ser Y Y Y Y N Y
2 5 AI3419G Tyr :> Cys Y Y Y Y Y Y
2 6 A13245G NC"
2 6 T14675C NCd

2 7 A13419G Tyr :> Cys Y Y Y Y Y Y
2 8 AI3419G Tyr 7> Cys Y Y Y Y Y Y
2 9 A13419G Tyr => Cys Y Y Y Y Y Y
2 10 A13419G Tyr :: Cys Y Y Y Y Y Y
2 11 A13419G Tyr :> Cys Y Y Y Y Y Y
2 12 C14793T NC"
2 13 A13419G Tyr 7> Cys Y Y Y Y Y Y
2 13 A14067G Glu > Gly Y Y Y Y Y Y
2 14 A13419G Tyr z> Cys Y Y Y Y Y Y
3 15 C13155T Ala :> Val Y Y Y Y Y Y
3 16 C13155T Ala :> Val Y Y Y Y Y Y

3 17 C13155T Ala :> Val Y Y Y Y Y Y
3 18 C13155T Ala => Val Y Y Y Y Y Y
4 19 T13377G Leu:,Trp Y N Y Y N N

Clear cells
1 1 G13637A NC

4

2 2 C13984T NC
4

3 3 C13253T NC
4

3 4 T13413C Val 7> Ala Y Y Y Y N N
3 4 C14283T NC

4

"Data are from normal breast tissue obtained beyond the tumor margin in four women who underwent surgery for removal of a primary breast tumor.

hThe genomic sequence of the P53 gene was from a revised version of X54156 in GenBank. The sequence changes were not present in the germline of

these individuals as determined by sequencing of DNA isolated from 1,000 cells.
'Spccies conservation was determined according to Soussi et al. [1990]: a conserved missense change is defined as identity in monkey, mouse, rat. and
chicken.
dNC = no known functional or structural change.

False-Positive Sequence Changes Likely Due to Extension of SCIMLA to Other Tissues
Polymerase Error

In principle, SCIMLA could be used to measure mutation

Of the 34 clear cells expected to not contain mutations, load in many ttssues or cell types. Normal colon and lung
cells were stained and analyzed as described for breast cells.five sequence changes, including one conserved missense
Nineteen red cells in colon were amplified and nine con-

change (3%), were identified in four different cells (Table Nineteense clls in consere amino and con-

II). Two of the five changes, including the one conserved tamed missense changes at conservative amino acid codons,

din one cell, two red cells in lung were examined and two conservative
missense mutations were found (not shown). When 48 clear
cells were analyzed in multiple tissues, predominately from
colon, two conservative missense mutations were found

Allele Dropout (4%).

ADO in the P53 gene was measured using 48 cells of DISCUSSION
normal human breast tissue with a known A/G heterozygous
polymorphism. The ratio of the area of the A peak to the G We found that missense mutations in the P53 gene can be

peak was measured for each cell. ADO was found in 19 of detected by in situ immunohistochemical staining of nonnal

the 48 cells (40%). ADO was scored if the area of a minor cells and analyzed by single-cell amplification followed by
peak was less than 20% of the other peak in both sequencing sequencing. SCIMLA has been successfully applied to sin-

directions (Fig. 2). gle cells dissected from normal breast, colon, and lung
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A to G in oncogenesis and it is possible that cells with P53 muta-
€ T n e • , ratio tions would often be polyploid for P53, increasing the target

size for missense mutations per cell, and elevating the rate

"A < 0.10 of mutation per P53 gene copy. However, this is balanced

0 by the reduced likelihood of detecting the mutation when
C T C C the single cell is amplified. If the cell becomes polyploid

< prior to mutation of a copy of the P53 gene, the likelihood
o B 0.96 of finding the mutation is reduced due to a wild-type-to-

A mutant ratio of substantially greater than 1:1. It seems
AF gf 70, {unlikely that polyploid cells were found and dissected since

only cells with normal morphology were analyzed.

C >10

SCIMLA Protocol Challenges

The challenge in developing SCIMLA lay in the integra-
@ D 2.20 tion of a multistep protocol in which no individual step was

absolutely novel. Ethanol was substituted for standard form-

4-- aldehyde fixation because it is a coagulant fixative that
preserves high-molecular-weight, native DNA with high-

~ .3 quality immunohistochemnical staining. Ethanol concentra-
tions were evaluated and EDTA was added to preserve

S-r • DNA integrity in paraffin blocks. The thickness of the tissue
< ]section was evaluated to balance the quality of staining with

F 0.33 nuclear integrity; a thickness of 6 pLm was chosen. Standard
4-pLm sections yield poorer results due to lower amplifica-
tion rates and higher ADO rates on the successfully ampli-
fied products. The thickness of the section needs to be
significantly greater than the diameter of the nucleus of the
cell type to be analyzed (see discussion on ADO). Condi-

Fig. 2. Peak patterns in a known he GA tions for immunohistochemical staining, including the

Single cells containing a known heterozygous G--A polymorphism in method of antigen retrieval, were evaluated to minimize the
exon 5 at position 13494 were analyzed for allele dropout (ADO). The number of false-positive, red cells and to preserve high-
amplified product was sequenced using the P53(13016)24D primer (Table molecular-weight DNA. The earlier protocols for antigen
I). A: Sequence from a product that was amplified from more than 1.000 presentation with microwaves substantially reduce the
copies of the wild-type DNA. B: The positive control. i.e., the heterozy- length of single-strand DNA. Theoretical calculations idi-
gous G--A polymorphism amplified from more than 1,000 genome copies aenthat thegADOsrate frA. segmetis atclas 45%

obtained from the same tissue section. C-G: The different patterns of the cate that the ADO rate for a 1.8-kb segment is at least 45%
heterozygous G-*A polymorphism amplified from single cells. The ratio if the length of the DNA template is 5 kb, while it decreases
of G to A peak area is indicated. The peak areas of the G and A nucleotides to 8% if the DNA template length is 20 kb, as herein (data
vary among the single cells. not shown). Immunohistochemical double-staining with

PCNA, the product of a gene upregulated with overexpres-
tissue. About one-third of the stained mammary cells and sion of normal P53 protein, was utilized to reduce the levels
about one-half of the stained colon and lung cells had P53 of false-positive staining [Heinmoller et al., 2002a], but this
missense changes at conserved amino acids. The data are added step was found not to increase the observed mutation
virtually unchanged if all missense mutations are accepted. frequency.
Jackpots were observed. The rate of allele dropout was The microdissection of single cells was performed using
40%. The rate of false-positives due to polymerase error a micromanipulator because evaluation of laser-capture mi-
was detectable but low (3-4%). An important caveat of the croscopes available in 1999 revealed that unacceptable
assay is the reliance on immunohistochemical detection of DNA damage occurred to individual cells. If newer models
elevated P53 protein with detection of heterozygous mis- preserve DNA length sufficiently, laser-capture micro-
sense changes in exons 5-9 of the P53 gene. It is now scopes may substantially enhance the speed of the micro-
possible to examine mutation load in individuals as a func- dissection step, but manual microdissection does not con-
tion of gender, ethnicity, age, diet, mutagen exposure, and sume a large fraction of the total effort of SCIMLA. In
genetic predisposition to human diseases, including cancer, addition, the micromanipulator costs 10% that of the laser-

Generally, cells with normal morphology are assayed. capture microscope. In an attempt to avoid ADO and to
Substantial chromosomal abnormalities typically occur later increase the success rate of amplification, a preamplification
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step (I-PEP) was evaluated [Dietmaier et al., 1999; Hein- 1
moiler et al., 2002a], but S-PCR without preamplification Z 0.8
was found to be superior.

A threshold effect of template concentration on PCR I
efficiency was observed. When the template amount was c c 0.6

decreased to 520 cells within a 25-1il reaction, no ampli-

fication was observed. We hypothesized that an important 0 0.4

component of the threshold effect was exhaustion of primer E
supplies due to generation of primer artifacts in the absence 0 0.2Amplifl rate
of sufficient template. When primers were designed to avoid 0-A ADO rate
this and mouse genomic DNA was added, amplification was 0 0.2 0.4 0.6 0.8
dramatically improved. Amplification was further opti-
mized by systematically varying other parameters of ampli- Nuclear volume (%)

fication. Fig. 3. The effect of the percentage of the total nuclear volume on
amplification success and allele dropout. The percentage of total nuclear
volume within the tissue section is the X-axis. Amplification success

SCIMLA Protocol Improvements (Y-axis) is the ratio of the number of amplified cells to the total cells
expressed as a percentage. Allele dropout (ADO, Y-axis) is the ratio of the

In a preliminary report, we described a prototypical assay number of cells with ADO to the total number of amplified cells expressed

in which individual exons of the P53 gene were preampli- as a percentage. If a portion of the nucleus is not present in the section, one

fled with I-PEP and P53, PCNA double-stained cells am- or both copies of the P53 gene may not be present for the amplification. To

plified from ethanol-fixed, paraffin-embedded tissues [Hein- measure the effect of the percentage of total nuclear volume on amplifi-
cation and ADO, calculations were performed with the following assump-

moller et al., 2002a]. One significant problem with the tions: 1) nonuniform distribution of genetic material within the nucleus,
methodology was the high rate of ADO such that one or and 2) uniform amplification efficiency. For example, if the nuclear volume

more exons were missing from >85% of cells. Herein, is 70% of the intact nucleus, the amplification rate is 91% and the ADO rate

multiple aspects of the methodology have been improved, is 46.2%.

Most importantly, an 87% success rate was achieved for
amplification of a 1.8-kb segment of the P53 gene (includ-
ing exons 5-9) from single cells using the S-PCR protocol. Allele Dropout

S-PCR and other improvements in tissue processing and ADO is a source of false-negatives. ADO may be caused
immunohistochemical staining provide a reliable and effi- by failure to retrieve the entire nucleus due to tissue sec-
cient method that dramatically improved the PCR success tioning degradation or nicking of the genomic DNA tem-

rate and lowered the rate of both ADO and false-positive plate, adsorption of the DNA to the tube surface, preferen-mutations. ltasrto fteDAt h uesrae rfrn
tial amplification of one allele amplification [Liu et al.,

1997], or preferential peak generation in the sequencing

S-PCR Improves Amplification From Single Cells reaction. Theoretical calculations for spherical nuclei of
diameter d uniformly distributed within a tissue section of

It is hypothesized that the addition of mouse genomic constant thickness h indicate that the average fraction of
DNA contributed to successful amplification by inhibiting nuclear volume is h/(d+h). For an average mammary cell

template adsorption to tube surfaces, protecting against nucleus (4 Rim) in a 6-ILrm section, an average of 60% of the

minimal DNAase activity, activating DNA polymerase by nuclear volume is included. However, this estimate is low,

binding directly to the polymerase, stimulating directly ex- because the microdissected cells were chosen to contain a

tension, and/or facilitating a coiled to stretched conforma- significant fraction of the nucleus as judged by the intensity

tional transition due to increased DNA concentration [Mit- of the red stain and the presence of the nucleus on focusing
nik et al., 1995]. The yield of S-PCR was sufficient for through the section thickness. We estimate that focusing
sequence analysis in most cases, but generated a higher through the microscopic field cannot reliably distinguish a

sequencing background, presumably because of a spurious cell with 50% of intact nuclear volume from a cell with
product of about 200 bases that was not removed by purn- 100% of the nuclear volume. Thus, it is possible that an

fication. A nested PCR eliminated the spurious product. average of 25% of the nuclear volume is not present in the
Previously, a 140-bp PCR segment was amplified from a single cells analyzed. Microdissection of partial nuclei is

single genome copy using 60 cycles [Vogelstein and Kin- hypothesized to be the major cause of ADO in this situation.
zler, 1999]. To our knowledge, this is the first report of a If the assumptions of the theoretical calculations are rea-

single round of PCR for 40 cycles on DNA from a single sonable (see above and Fig. 3 legend), an average nuclear
microdissected cell that can achieve an amplification prod- volume of 75% should reduce the amplification rate to 95%
uct visualized by standard ethidium-bromide staining, and produce an ADO rate of at least 40% (Fig. 3). These
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maximum possible values are similar to those observed, Caveats
compatible with the hypothesis that partial nuclear volume
is the major cause of ADO. We describe a method of measuring mutation frequency,

pattern, and spectrum in situ in normal human tissues. The
SCIMLA protocol efficiently allows identification of mutant

False-Positive Immunohiistochemical Staining cells, amplifies a 1.8-kb genome segment, and detects in

The P53-stained cells do not necessarily contain a P53 vivo mutations in single cells from paraffin-embedded, nor-

mutation because the P53 gene is also activated by hypoxia, mal human tissues. Caveats include dependence on immu-
heat shock, exposure to nitric oxide, and other stresses. nohistochemical staining and thus detection of a subset of
Indeed, the frequency of positive staining depends on the primarily missense mutation in the P53 gene (exons 5-9)

sensitivity of the immunohistochemical staining. With dif- that lead to overabundance of P53 protein detectable by

ferent immunohistochemical staining protocols, a higher immunohistochemical staining. Frameshift mutations
frequency of stained cells can be seen and a lower percent- (about 10% of total P53 mutations found in tumors) are

age of red cells contain mutations. Double-staining for missed, although some short in-frame deletions and inser-
MDM2 overproduction, which is regulated by P53, was tions are detected. Large deletions, 'retrotransposition
used in an attempt to distinguish physiological induction events, duplications, and inversions are not detected. The
from the presence of P53 mutations [Lianes et al., 1994]. assay involves multiple steps, yet unprecedented measure-
However, this protocol was not readily extended from tissue ments are made. Genotyping from all amplified cells is
to tissue and this added step did not increase the frequency recommended, since a significant number of jackpot muta-
of observed mutations. tions occur. Given the jackpot mutations and ADO, ampli-

fication and genotyping of 50 or more cells in an individual
may be necessary to obtain good estimates of mutation
frequency, pattern, and spectrum. Mutation scanning meth-

Missense mutations in red cells at amino acids conserved ods such as detection of virtually all mutations-SSCP (DO-
in monkey, mouse, rat, and chicken [Soussi et al., 1990] are VAM-S) or denaturing high performance liquid chromatog-
scored as mutations contributing to mutation load. The raphy (DHPLC) can facilitate detection of mutations,
false-positive rate was 3% because one missense mutation especially when many cells must be analyzed due to the

at an evolutionarily conserved amino acid was observed in presence of jackpot mutations [Oefner and Underhill, 1998;
34 clear cells. Four additional, presumably silent sequence Buzin et al., 2000]. P53 gene amplification products from
changes were also observed (Table 11). These false-positive 100-150 cells can be genotyped with one set of DOVAM-S
changes may result from a polymerase error in early PCR gels.
cycles and the specific mutation is propagated in late cycles
to account for Ž-20% of the other products. Future Work

Mutations are not expected in clear cells. The target size
for missense changes at evolutionarily conserved residues is SCIMLA may be used to make unprecedented measure-
310 nucleotides. The ratio of missense changes at evolu- ments in order to determine the relationship between muta-
tionarily conserved amino acids (310 nucleotides) to other tion load and risk for cancer and to evaluate sources of
substitutions (1359 nucleotides) is expected to be 0.23. This possible mutagen exposure in humans. It may be advanta-
is similar to the 1:4 ratio observed in the 34 clear cells, geous to adapt SCIMLA to other organisms, such as rodents
Thus, one might expect about 5.1 artifactual silent changes and fish. Comparison of mutation load as a function of age
among the 43 analyzed red mammary cells if the same rate and mutagen exposfire in transgenic rodent mutation detec-
of background occurred. Remarkably, five such changes tion systems (e.g., Big Blue) could determine whether the
were identified, compatible with a similar rate of polymer- frequency and patterns of p53 mutations are similar to that
ase error. Finally, an analysis of 48 clear cells when previously observed in a bacterial transgene mutation re-
SCIMLA was extended to other tissues revealed a false- porter (e.g., the lacl gene). Adaptation of SCIMLA to fish
positive rate of 4%. could provide a mutagen monitoring system for aquatic

The two enzyme system with Taq and GB-D DNA poly- environments.
merases is estimated to have an error rate of 8.5 X 10-6
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Toward Efficient Analysis of Mutations in Single Cells
from Ethanol-Fixed, Paraffin-Embedded, and

Immunohistochemically Stained Tissues
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Research Center; and Department of Pathology (YS, LMW), City of Hope National Medical Center, Duarte, California

SUMMARY: Only a few studies have demonstrated successful molecular analysis after whole genome amplification using single
cells dissected from paraffin-embedded tissues. The results in these studies were limited by low-amplification efficiency and high
rates of allele dropout. In the present study, the amplification rate using a thoroughly modified primer extension and
preamplification-PCR protocol was improved significantly for single cells microdissected from paraffin-embedded and immu-
nohistochemically stained tissues. Tissue fixation with ethanol (85%) and the addition of 0.2 mmol/L EDTA helped to achieve an
amplification rate between 67% (segments 200 to 400 bp) and 72% (segments <200 bp). Normal tissue sections were
immunohistochemically double stained for overabundance of p53 protein and proliferating cell nuclear antigen. Microdissection
of single cells was performed with a manual micromanipulator equipped with a Tungsten needle. Sequence analysis of the TP53
gene was performed after improved primer extension preamplification-POR and multiplex PCR from single microdissected cells,
The rate of allele dropout was at least 68%. These technical advances facilitate routine mutation analysis using a single cell or
a few cells microdissected from routinely processed paraffin-embedded normal and tumor tissues. Allele dropout still represents
a serious problem in single-cell mutation analysis, especially in samples with limited template DNA and prone to DNA damage.
(Lab Invest 2002, 82:443-453).

M olecular analysis of single cells has become gous mutations from single cells. No protocol has
routine In reproductive medicine (Hahn et al, been identified that eliminates ADO (Hahn et at, 2000).

2000). However, few studies have routinely analyzed Of great interest is the development of methodologies
rare heterozygous mutations in single cells microdis- that permit examination of rare heterozygous muta-
sected from fixed, paraffin-embedded, and immuno- tions in single cells from normal tissues with high
histochemically stained tissue sections because of sensitivity and accuracy to enable investigation of the
certain limitations (Becker et al, 1996; Roehrl et al, role of mutagenesis and risk of disease.
1997; Schutze and Lahr, 1998; Suarez-Quian et al, Immunohistochemistry is a technique that specifi-
1999). Crosslinking of DNA in tissues fixed with the cally provides information about protein expression
commonly used fixative, formalin, limits the efficiency patterns at the single-cell level and may indicate
of PCR amplification and reduces the maximum length molecular changes relevant to neoplastic develop-
of the PCR amplicon (Karlsen et al, 1994; Williams et ment. The tumor suppressor gene TP53 is mutated in
al, 1999). Allele dropout (ADO) occurs when one allele 50% of human cancers (Greenblatt et al, 1994). In its
is preferentially amplified over the other to the extent mutated form or under certain cellular and/or geno-
that the minor allele is not detected. ADO is particu- toxic stress, the p53 protein becomes stabilized and
larly problematic when templates consisting of DNA
from less than 10 cells are amplified; it occurs at theits overabundance is readily detectable by immuno-histochemical staining (May and May, 1999; Wallace-
same rate irrespective of whether nested PCR or
whole genome amplification (WGA) is used for initial
amplification (Hahn et al, 1998, 2000). ADO is espe- protein may be found even in normal tissues in the
cially problematic in the diagnosis of rare heterozy- nuclei of cells with a morphologically normal appear-ance (Barnes et al, 1992; Huusko et al, 1999; Varley et

al, 1999). Immunohistochemical staining for p53 can
be used to identify cells that are potential candidates
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In general, for molecular analyses from single cells, samples (Persson et al, 2000; Ponten et al, 1997), to
two different PCR techniques can be used: direct our knowledge, no study has conducted WGA before
(usually nested) amplification or (nonspecific) pream- specific amplification of single-cell genomes from
plification of the genetic material by WGA followed by fixed, paraffin-embedded, and immunohistochemi-
specific (nested) PCR. A major advantage of WGA is cally stained tissue sections. Herein, DNA integrity,
the possibility of multiple genetic analyses from a amplification efficiency, and ADO are evaluated after
single cell. Of the various WGA techniques available, an overall enhanced protocol for microdissection of
primer extension and preamplification (PEP)-PCR and single cells from ethanol-fixed, paraffin-embedded,
degenerate oligonucleotide-primed PCR provide the and immunohistochemically stained tissue sections
most complete coverage of the genome (Wells et al, and amplification with a modified I-PEP-PCR protocol.
1999). Improved primer extension and preamplifica- In this study major improvements to tissue fixation
tion (I-PEP)-PCR is superior to degenerate and processing and single-cell DNA amplification
oligonucleotide-primed PCR in amplification efficiency were made to enable the analysis of rare heterozygous
(Dietmaier et al, 1999). PEP-PCR is a technique of mutations in the TP53 gene of single cells microdis-
WGA used before specific PCR from minute amounts sected from ethanol-fixed, paraffin-embedded, and
of DNA, which enables the molecular analysis of immunohistochemically stained sections of normal
multiple genes from a single cell or a few cells (Zhang human tissue (Fig. 1).
et al, 1992). PEP-PCR has recently been improved to
facilitate multiple genetic analyses of small cell clus- Results
ters microdissected from formalin-fixed paraffin- Tissue Fixation and Immunohistochemistry
embedded tissues (Dietmaier et al, 1999). Although
some studies have analyzed DNA from immunohisto- To avoid DNA crosslinking by formalin fixation of
chemically stained single cells from fresh-frozen tissue tissue, which limits molecular analysis of single cells,

Tissue fixation using Ethanol (85%)/ EDTA (0.2mmol/L)

Paraffin embeddingI
Tissue sectioning (6 psm thickness) and mounting on glass slidesI

Deparaffinization with xylenc and rehydrating with ethanol 100%, 95%, 70%

Antigen retrieval with steam heat for 5 minutes

Immunohistochemical double stain: p53 (red nuclear stain) and PCNA (brown cytoplasmic stain)

Micromanipulator-assisted dissection of single cells

Cell lysis with proteinase KI
Whole genome amplification using modified I-PEP PCR technique

Specific (multiplex) nested PCR for exons 5 to 9 of the TP53 geneI"I

PCR product purification

DNA sequencing

Sequence analysis and mutation identification

Figure 1.
A flow chart of the methods uted for mutation analsis using ethanol-lxed, paraffin-embedded, and immunohistochemically stained single cells or small cell cLusters
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ethanol/EDTA fixation was optimized to maintain high :. ..,
DNA integrity and provide high-resolution immunohis- A - "j ¾
tochemistry. Ethanol has a precipitating effect on .

tissues. EDTA inhibits DNases present in surgically " ,

removed tissues for better preservation of DNA. Pro- A.,, ,. . ,°

teinase K digestion of various tissues fixed with etha- _4
nol/EDTA ("Materials and Methods") revealed the
presence of single -stranded, high molecular weightDNA (-20 Kb) after the final step of ,mmunohisto- ""'" '|• .Z
chemical staining in all tissues analyzed (data not ?.

shown). To demonstrate the feasibility of ethanol/ ' ' • -

EDTA tissue fixation for immunohistochemistry, dou- ,,. , ,
ble staining of p53 protein (red-colored nuclear stain) -1 . .

together with PCNA (brown-colored nuclear stain) was 0 .

used. A mix of 85% ethanol/0.2 mmol/L EDTA was ' * ,
found to give crisp and clear immunohistochemistry B .. . "
after a brief antigen retrieval by steam treatment at
950 C for 5 minutes, enabling the clear distinction of -. , .

nuclear staining for p53 protein, or PCNA, or both p53 -. ,. ,
and PCNA in various tissues with physiologically dif- -
ferent expression patterns of both proteins (Fig. 2).
Fixation with 95% ethanol/0.1 mmol/L EDTA or 75%
ethanol/1 mmol/L ETDA resulted in less clear staining •. •
(not shown). In addition, cutting of sections was im- '
paired when 95% ethanol/0.1 mmol/L EDTA was used , ''-. . .. /

as fixative.

Optimization of I-PEP-PCR: Analysis of Dilutions of ,
Genomic DNA V IV

Preliminary experiments indicated that the amplifica-
tion success rate of various exons of the TP53 gene ,,
from single cells microdissected from ethanol/EDTA- Wk .'. ,.

fixed tissues was 30% or less when the I-PEP tech-
nique originally described by Dietmaier et al (1999) , -.
was used. Such a low amplification success rate from jk
single cells would make the routine analysis of genes . " ,
like TP53 costly and cumbersome, because exons 5 to 4 " i re . ,

9, which are commonly examined, would be amplified : ,. ;,
in only a small number of microdissected single cells. •, ' * .. t .
To optimize I-PEP, genomic DNA was serially diluted
to the single-cell level (6 pg). To ensure optimal & ,.
digestion, the concentration of Tween-20 in the diges- ' %- l" .. .

tion buffer was increased from 0.5% to 3%. To Figure 2.
achieve maximum amplification efficiency, various Immunohistochemical staining for p53 and PCNA protein (overabundance) in

PCR cycling conditions (annealing temperature, ex- nucleus and cytoplasm, respectively, for normal human tissues that have been

tension time) and I-PEP-PCR mix ingredients (concen- fixed in ethanol and embedded in paraffin. A, Normal colon tissue with crypt

tration of primers, MgCI2, dNTP, enzymes) were epithelial cells staining positive for PCNA (brown cytoplasmic stain) and a
single cell staining positive (red nuclear stain) for p53 overabundance (arrow)

tested. The concentrations of MgCl2 and d1NTP were (magnification xlO0). B, Normal lung tissue with bronchial epithelial cells. A
increased stepwise from 2.5 mmol/L and 0.1 mmol/L cell staining for PCNA (brown cytoplasmic stain, white arrow) can be seen in

to 6.0 mmol/L and 1 mmol/L, respectively. Specific addition to a cell staining for p53 overabundance (red nuclear stain, black

PCR after I-PEP-PCR was most effective when MgCI2  arrow) (magnification x40). C, Benign proliferative lesion of the mammary

was 6.0 mmol/L and dNTPs were 1 mmol/L each in gland. A cell staining red or p53 protein overabundance (white arrow) is seen
together with a cell staining mixed red-brown for both p53 and PCNA (black

I-PEP-PCR. Of the primer concentrations tested (5 arrow) proteins and many other cells staining brown for PCNA overabundance

ttmol/L, 10 Amol/L, 15 /•mol/L, 20 pmol/L, 25 14mol/L, (magnification x250).

30 jmol/L), 20 /mol/L was found to be optimal. Of the
various enzymes tested (Taq Expand High Fidelity to be superior. No amplification was seen when Pfu
Polymerase with and without Bst DNA polymerase Turbo was used in I-PEP (not shown). Lowering the
[Roche, Basel, Switzerland], Pfu Turbo [Stratagene, La annealing temperature from 370 C to 280 C, reducing
Jolla, California], and AdvanTaq [Clontech Laborato- the annealing time from 4 minutes to 2 minutes, and
ries, Palo Alto, California]), Taq Expand High Fidelity prolonging the extension time from 30 seconds to 3
Polymerase without Bst DNA polymerase was found minutes enabled the amplification of exons 5 to 9 of
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the TP53 gene after I-PEP-PCR. A nested amplifica- V- -
*• ' tion of -2 Kb from high molecular weight genomic ' ,A/\ I/\

DNA was possible even to a dilution of 13.2 pgof 1 o.
template DNA, which is equivalent to four copies of \l-J'\V\j \!\
mammalian genome...,

Measurement of ADO After Amplification from Single I-- E -6 U b
Human Fibroblasts

Amplification efficiency using single fibroblasts (HF57 ! i /
human fibroblasts) was assessed using amplification .. , -.
of various segment lengths within exons 5 to 9 of the
TP53 gene in a nested PCR configuration after I-PEP.
Unfixed fibroblasts were air dried for 2 hours and used
"for analysis of amplification from single cells and for " .\- -
measurement of ADO. Segments of -500 bp. (eg, 1 ,". ,
spanning exons 5 and 6) were amplified with a suc- -C fG10

cess rate of 68% (33 of 48 single cells); segments of VT- - "-
300 bp or less (eg, exon 6) were amplified with a
success rate of 87% (42 of 48 single cells; not shown). ' , .
A -2 Kb segment (spanning exons 5 to 9) could be(f ' .... ( ,
amplified in 4 (8%) of 50 single cells after I-PEP.

HF57 human fibroblasts are heterozygous for a C T . I' f L ....

polymorphism (G>A bp 13494) in intron 6 of the TP53
gene, which makes them useful for the study of ADO 5 "f [ ' /\4
after I-PEP-PCR from single cells. Exon 6 was ampli- "
fied after I-PEP-PCR from 37 air-dried, single HF57 . . ________

fibroblast cells. ADO was determined after DNA se- -."',-2."-
quencing. The ADO rate was 68% (25 of 37 single
cells). Twelve single cells (32%) demonstrated het-
erozygosity at bp 13494. Of the single cells with ADO, . -
32% (12 single cells) showed the mutant airele se- .,. '. \ ,; '"

quence G>A bp 13494, and 35% (13 single cells) y

exhibited the wild-type sequence (Fig. 3). ADO was Figure 3.
not observed when five or more cells were used for Evaluation of allele dropout (ADO) after improved primer extension anq
I-PEP-PCR. preamptificafion (I-PEP)-PCR. Sequence analysis of a heterozygote sequence

change inlron 6 bp 13494 (G>A) of TP53 gone in single HF57 fibroblasts.
Amplification from Single Cells Microdissecfed from Lanes I and 3: single cell, heterozygosity: lanes 2. 4, and 5: single cell,
Ethanol-Fixed, Paraffin-Embedded, and wild-type, allele dropout; lane 6: single cell, G>A, ADO.

Immunohistochemically Stained Tissue Sections
36% from pancreatic tissue. The amplification rates of

Amplification efficiency using single microdissected at least two exons were considerably higher in colon
cells from ethanol-fixed, paraffin-embedded, and im- tissues (Table 3). High multiplex amplification success
munohistochemically stained tissue sections was de- rate was achieved using tagged primers (see "Materi-
termined by amplification of various exons of the TP53 als and Method") in first-round PCR in addition to an
gene after I-PEP-PCR and a nested PCR configura- antibody that ensures a hot start PCR by neutralizing
tion. First-round amplification was performed in a Taq polymerase.
multiplex PCR using primers covering exons 5 to 9 of
the TP53 gene. Segments between 200 and 400 bp Identification of Rare Heterozygous Mutations in Single
(single exons of TP53 gene) were amplified in up to Cells of Normal Colon Identified To Have an
67% of cells; segments smaller than 200 bp were Overabundance of P53 Protein
amplified in up to 72% of cells (Fig. 4). Amplification
efficiency was dependent on the type of tissue ana- Normal colon tissue from five patients who were
lyzed. Pancreatic tissue has a high degree of enzy- treated for colon carcinoma was fixed in ethanol/
matic DNA degradation starting early during surgical EDTA, embedded in paraffin, and immunohistochemi-
manipulation. DNA amplification from pancreatic tis- cally stained for identification of p53 protein overex-
sue was compared with colon tissue, in which DNA is pression. Normal tissues from two of these patients
usually not affected by enzymatic damage during did not stain positive for p53 protein. Normal tissues
surgery. As expected, amplification success was from the remaining three patients exhibited a positive
greater using single cells from colon than from pan- nuclear staining for p53 protein in up to nine epithelial
creatic tissue. In a series of amplification experiments, cells/slide; the total number of epithelial cells per slide
all five exons (5 to 9) of the TP53 gene were amplified was estimated to be between 40,000 and 60,000 cells.
in 50% of single cells harvested from colon versus A total of 23 single cells and a cell cluster (40 cells)
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300 bp--

300 bp t

Figure 4.
Representative examples of the amplification rate of various segments of exons 5 to 9 from colon cells after I-PEP-PCR. Upper: Nested PCl exon 9 (first-round
segment 378 bp): middle: different samples with nested PCR exon 5 (first-round segment 383 bp); lower: different samples with nested PCR exon 5 (first-round
segment 181 bp). Lane 1: 30 cells, lanes 2 to 15 single cell; lanes 17 and 16 negative control, no cells

with positive p53 protein immunohistochemistry were for molecular analyses is usually much lower in com-
microdissected and amplified. Sequence analysis re- parison to paraffin-embedded tissues. To circumvent
vealed five sequence changes (Fig. 5). the disadvantages associated with formalin fixation

and frozen tissues, tissues were fixed in an ethanol!
Discussion EDTA solution before paraffin embedding.

Formalin Fixation Limits Molecular Analysis, Especially
Using Single Cells

There is no better place to study the underlying Ethanol/EDTA Fixation Improves Molecular Analyses

molecular genetic dynamics of normal and pathologic Using Single Cells
processes than in vivo. Histologic tissue sections are In the present study, a mixture of 85% ethanol/0.2
one way to gain access to a fingerprint of these mmol/L EDTA gave crisp and clear immunohisto-
processes within a defined morphologic compartment chemical staining for two proteins (p53 and PCNA)

and at the level of a single cell (Emmert-Buck et al, simultaneously in various tissues, providing the basis
1996; Schutze and Lahr, 1998). However, technical for coupled morphologic and molecular analyses in
limitations have hindered widespread genomic analy- paraffin-embedded tissues at a single cell-level. It has
ses especially at the single-cell level in large part been demonstrated that ethanol fixation is the methodas
because of the routine formalin fixation of tissues, of choice for immunohistochemical staining of a vari-met

which causes DNA crosslinking, thereby reducing of c ice forigenohlspcial tai ofavn
PCR efficiency. This is one of the reasons why the ety of tissue antigens, especially the p53 protein

achieved amplification rates reported from single cells (Arnold et al, 1996; Bassarova and Popov, 1998).

microdissected from formalin-fixed paraffin- Furthermore, addition of EDTA has been shown to

embedded tissue slides did not exceed 35% in short inhibit DNA degradation in formalin-fixed tissues to a

segments up to 246 bp (Becker et al, 1996; Roehrl et certain degree (Yagi et al, 1996). The specificity of the

al, 1997). Considerably higher amplification rates (up immunohistochemical double staining for both pro-

to 70%) have been reported from single cells dis- teins was demonstrated by frequent expression of

sected from frozen, immunohistochemically stained both proteins in highly dividing tissues like colon and a

tissues (Persson et al, 2000). However, major limita- proliferative lesion of the mammary gland, by moder-

tions in the analysis of frozen tissue sections include ate expression of both proteins in moderately dividing

the usually considerably lower quality of immunohis- tissues like bronchial epithelium, and by rare expres-
tochemical staining, especially if double staining is sion of one of the proteins in slowly dividing tissues

performed. In addition, the availability of frozen tissues like liver tissue.
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A_ G_ T_ T C C T GCAT Modified I-PEP Shows Improved Amplification Success
2 r Herein, a recently published I-PEP-PCR technique

! i'•(Dietmaier et a], 1999) was thoroughly optimized. The('\j !revised protocol demonstrated amplification of -2 Kb

AIX segments after I-PEP-PCR when high molecular
*30*ML.7O#, o 169 weight DNA was used as the template, even using

S . ... tk T C _ 0 CA T dilutions down to 12 pg, le, four copies (or two cells) of
i Nmammalian genome. Successful amplification of 2 Kb4 segments after PEP has been described previously

A but only after using 5000 cells as initial template
A(Duddy et al, 1998). Using air-dried single fibroblasts,
a 2 Kb segment could be amplified but only with a

C C 0 C +o M T C' 11 1 A I small number of cells. This may be a result of the use

of unfixed cells that were air dried for at least 2 hours,
when oxygen-related damage may have already led to

t~; ~ ,~DNA degradation. When smaller segments were am-
,, V plified after I-PEP-PCR, amplification efficiency was

. A C,. up to 87%. Most importantly, the amplification rate of
L •-" 7 -- T- segments covering single exons of the TP53 gene was

7 increased from 30% to up to 72% from single ethanol-
!\r~ Pfixed, paraffin-embedded, and immunohistochemi-

i":iB L)cally stained single cells after the present modifica-
. -tions of I-PEP-PCR. As a result of this improvement,

- C 1 0 A 0 A serial molecular analyses of single cells stained for
I G R G A G overabundance of proteins like p53 or others can be

I •4r '\" •f , done in a reasonable number of PCR experiments.
I •h i, , . [ Exons 5 to 9 of the TP53 gene were amplified in 50%

of single cells dissected from colon samples. The
J amplification success rate in single pancreatic cells

C C r * ± C1`53 A C 6 c was lower, most likely because of the much higher
t t•, i5 5 1i G H -Gi I degree of pancreatic protease-related DNA damage

"" ;, (autodigestion) beginning early during surgical manip-
ulation of this tissue, in addition to the long surgical

, / F "procedure if performed as Whipple procedure. But
J even under these most unfavorable conditions, multi-

I plex PCR after WGA offers the opportunity of multiple

S• - if•- i r-"- genetic analyses of various genes even if multiple
exons are to be analyzed. In addition, if mutations are

iy' . ,. -found by sequence analysis, reamplification for con-
: •"•( .' ' Y •; •'v •; v,,.- • firmation of a particular base change can be per-

formed from the original template, which is not possi-
r' r'Y -- T4-W-7- k I F4 I ble when single cells are amplified directly by specific

:. PCR without prior preamplification by any WGA

D . , ,: . .... method. Of interest is the rate of polymerase errors
during the amplification from single cells. Herein, over
10,000 nucleotides were sequenced in the analysis of

G. ''-• C 4;.-I C7 IG •G '-G CV- _' C'C' single, air-dried fibroblasts and not a single artificial"mutation was observed.

ADO After Modified I-PEP Amplification from Single Cells"1 Is Stil High
ADO or preferential amplification of one allele over the

other during PCR amplification is a well-known phe-

with a heterorygoun mutation: C to T transition larrow) e, oT 7 bp 14.049
Figure 5. (pro/vabl. B, Single cell with deletion of four bases (ATGG) and insertion of
Identification of mutations in exons 5 to 9 of the TP53 gene from single ceils three bases ('TAV arrows) exon 5 (bp 13.157 to 13,161). C, Single cell with
that ,,ere immunohlistochemicatly s!ained positive for p53 protein overabun- a silent G to A transition (arror/v in exon 8 (bp 14,506). 0, Single cell with a
dance. Please note that arrows are used to mark the mutant sequence. The C to T transition (arrow) in exon 5 (bp 13,234. asp/vat). E. Single cell with a
single cells were from paratfin-emhedded, normal colon tissue. A. Forty cells heterozygous sequence change in intron 5 (G to A transitin. bp 13,292).
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Table 1. Protocols for Cell Digestion and PEP-PCR Mixes

A. This study B. Dietmaier et al. (Am J Pathol 1999;154:83-95)

a Tween-20: 3% Tween-20: 0.5%
* Proteinase K: 0.5 mg/ml Proteinase K: 4 mg/ml
o PEP-primer: 20 pmol/L Pep-primer: 16 1imol/L
* MgCI 2 : 6 mmol/L MgCl2 : 2.5 mmol/L
* Gelatin: 0.05 mg/ml Gelatin: 0.05 mg/ml
a dNTPs: 4 mmol/L dNTPs: 0.1 mmol/L
* DMSO: 5% DMS0: 5%
a Taq Expand HiFi: 2.5 U Taq Expand HiFi: 1.8 U

Final concentrations are given

nomenon limiting detection of heterozygote base cally for the amplification method and is a minimal
changes (Hahn et al, 1998, 2000). ADO rates between estimate because it is expected that ADO is much
0% and 83% have been reported and are dependent higher for analysis of single cells microdissected from
on the source and quality of the template DNA ampli- paraffin-embedded tissues. No method described to
fied (Findlay et al, 1995, 1998; Garvin et al, 1998; Hahn date has been able to eliminate ADO.
et al, 1998; Rechitsky et al, 1996; Snabes et al, 1994; Forty-one cell culture human fibroblasts harboring a
Wells et al, 1999). As a result of ADO, mutation heterozygous polymorphism in intron 6 of the TP53
analysis may fail to detect heterozygous mutations in gene were used for the analysis of ADO using the
a significant number of cases. The distribution of modified I-PEP-PCR protocol. Fibroblasts were
alleles dropping out during PCR amplification occurs spread on slides, air dried, and stained with methylene
at random. The occurrence of ADO is influenced by blue. Because fibroblasts were not prepared with a
multiple factors, eg, cell lysis, conditions of PCR mix, fixative like ethanol or acetone to ensure at least a
thermal cycling conditions, guanine/cytosine content limited protection, the fibroblasts were not protected
of the DNA segment amplified, or degradation of the from oxygen radical-induced DNA damage. Because
DNA template (EI-Hashemite and Delhanty, 1997; Ray DNA degradation starts immediately after cells are
and Handyside, 1996; Walsh et al, 1992). Furthermore, exposed to oxygen, this situation closely resembles
ADO occurs in either direct, specific (nested) amplifi- the exposure of immunohistochemically stained cells
cation or in PEP-PCR before specific PCR from single to DNA damaging oxygen radicals while sifting as a
cells (Hahn et al, 1998). This ADO estimate is specifi- single-cell layer on slides in the course of tissue

Table 2. PCR Primers

PCR primers 5' to 3' Sequence

First round
E5-9PD2: 5' gcggtcccaaaagggtcagtctcgctagtgggttgcagga 3'
E5PU1X: 5' gcggtcccaaaagggtcagtaagagcaatcagtgaggaa tc 3'
E6PD1X: 5' gcggtcccaaaagggtcagtagctggggctggagagac 3'
E6PU1X: 5' gcggtcccaaaagggtcagtcaaataagcagcaggagaaag 3'
E7PD1X: 5' gcggtcccaaaagggtcagtccctgcttgccacaggtc 3'
E7PU2X: 5' gcggtcccaaaagggtcagtaagaaatcggtaagaggtggg 3'
E8PD2X: 5' gcggtcccaaaagggtcagtttgggagtagatggagcctg 3'
E8PU1X: 5' gcggtcccaaaagggtcagtgaaagaggcaaggaaaggtg 3'
E9PD1X: 5' gcggtcccaaaagggtcagtaagcaggacaagaagcggtg 3'
E8-9SU1X: 5' gcggtcccaaaagggtcagtggagccattgtctttgaggc 3'

Second round
E5-26D: 5' ttcacttgtgccctgactt 3'
E5-291U: 5' ccgttggtcgggacagc 3'
E6SD2: 5' acagggctggttgcccag 3'
E6SU2: 5' gccactgacaaccaccctt 3'
E7SD2: 5' ccaaggcgcactggcctc 3'
E7SU1: 5' tggggcacagcaggccag 3'
E8PD3: 5' ttccttactgcctcttgcttc 3'
E8PU2: 5' agtgaatctgaggcataactg 3'
E9PD2: 5' gagaccaagggtgcagttatg 3'
E9PU1: 5' ggcaaatgccccaattgcag 3'

U = Upstream: O = Downstream: X = (5' lagged 20-mer universal sequence); P oligo designed for PCR amplification; S = oligo was designed for DNA
sequencing.
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Table 3. Amplification Efficiency of Exons 5 to 9 of the Conclusion
TP53 Gene5

:____TP53__ene__ In summary, we present a reproducible and reliable
Number of exons Amplification % fixation protocol for paraffin-embedded tissues that

allows clear and crisp immunohistochemical staining
Colon tissue of at least two proteins simultaneously and preserves

2 (e.g. exons 6+8)b 17/18 94 DNA integrity to a degree that allows the molecular
3 16/18 89 analysis of multiple genes at the single-cell level.
4 12118 66 Single-cell microdissection was achieved by a fast
5 (exons 5-9) 9/18 50 and easy-to-handle simple manual mlcrodissection

SPancreatic tissue device that is affordable to many laboratories, being
2 (e.g. exons 64-8) 17/28 61 about one tenth the price of a laser microdissection
3 15/28 54 device. Furthermore, the success rate of PCR ampli-
4 12/28 43 fication from DNA obtained from a single cell dis-
5 (exons 5-9) 10/28 36 sected from paraffin-embedded tissue is increased to

,Eighteen microdissected paraffin-embedded single cells from normal a level where serial analyses of mutations in a single
colon tissue and 28 single cells from normal pancreatic tissue. cell or a few cells from normal or tumor tissue can be

.bAt least two exos performed in a reasonable number of experiments.
This could be the basis for further studies to determine
an individual TP53 mutation load in normal tissues inprocessing and microdissection. Herein the ADO rate the context of morphology, enabling an estimation of

was 68% and affected both alleles randomly. If a individual cancer risk well in advance of the develop-
heterozygous mutation is present, according to the meit of mall nant disease.

data herein, the chance of the correct diagnosis of g

heterozygosity will be 22%. Material and Methods

Cell and Tissue Samples
Mutation Analysis in Single Cells from Ethanol-Fixed,
Paraffin-Embedded, and lmmunohistochemically Stained Tissue samples from patients in surgery for colorectal
Normal Tissues cancer or pancreatic cancer were obtained from the

Department of Pathology from the City of Hope Na-
This is the first report of specific molecular analyses tional Medical Center (Duarte, California), Suspen-
after WGA from immunohistochemically stained single sions of cultured human fibroblasts (HF57) were a
cells microdissected from paraffin-embedded tissues, generous gift from Steven Bates (Department of Biol-
In the analysis of a limited number of microdissected ogy, City of Hope).
single cells from normal colon tissue staining positive
for p53 protein, sequence changes in the TP53 gene
were found in 4 of 23 single cells and in 1 cell cluster Tissue Processing and lmmunohistochemistry
of 40 cells. The sequence changes were not published After tissues were handled for pathologic-anatomical
mutational hotspots of the TP53 gene. The relevance diagnosis, samples were fixed immediately in 85%
of the heterozygote mutations detected in intron 5 of ethanol supplemented with 0.2 mmol/L EDTA for 24
one single cell and the heterozygous base change hours and embedded in paraffin thereafter. Six-micron
seen in the cell cluster in regard to inactivation of the serial sections of ethanol (EDTA)-fixed, paraffin-
TP53 gene is not clear. However, heterozygous muta- embedded tissues were mounted on Probe-On slides
tions inactivating the remaining wild-type allele have (Ventana Medical Systems, Tucson, Arizona) and
been described (Forrester et al, 1995; Hachiya et al, baked at 56° C for 1 hour. Slides were deparaffinized
1994; Milner and Medcalf, 1991; Villadsen et al, 2000). by incubating the slides in xylene for 2 x 10 minutes
Possible reasons besides ADO for detecting only and rehydrating in 100% ethanol for 2 x 5 minutes, in
wild-type sequence in a subset of single cells with 96% ethanol for 2 x 5 minutes, and in 70% ethanol for
positive p53 immunohistochemistry dissected from 2 X 5 minutes. Antigen retrieval was performed by
tissue slides may be contamination of the PCR or loss placing the slides into steam heat for 5 minutes.
of genetic material containing the allele harboring the Antibodies used for double staining were PCNA (Ab-1)
base change during tissue cutting. The chance of (Oncogene Research Products, Cambridge, Massa-
losing genetic material from a single cell nucleus in the chusetts) and NCL-p53-DO7 (Novocastra, Newcastle-
course of tissue sectioning can be estimated to be upon-Tyne, United Kingdom). Staining was performed
between 10% and 20% if sections of 6 prm are using a Biotech Techmate 1000 Immunostainer (Ven-
processed. It should be noted that switching from the tana Medical Systems). Double staining of slides was
analysis of single paraffin-embedded cells to single performed using a modified ABC-Method (Ventana
cells from fresh-frozen tissues might not be helpful in Medical Systems). Human PCNA was stained brown
solving the ADO problem. A recently published article using the chromogen 3'3-diaminobenzidine, and the
reported an ADO rate of 50% from single cells dis- p53 protein was stained red using the chromogen
sected from immunohistochemically stained fresh- Bio-Red. Appropriate positive tissue controls and neg-
frozen tissue sections (Persson et al, 2000). ative controls for primary antibodies were included in

450 ti,,•a'n I * ,April -f)02 * V.oumv .92 * N•'mlr 4ý



A t ht,,7J C Ci, M4/,, h,wd en-IISt,oh- ('2,

every experiment. Tissue sections from a lung adeno- from tissue sections) at 50' C followed by a 1 0-minute
carcinoma exhibiting p53 protein overexpression of inactivation at 90' C.
tumor cells served as positive control. Staining without
primary antibody was performed on the lung cancer PCR
tissue sections for demonstration of specificity of
staining. Stained tissue sections were covered with A recently described protocol for improved primer
aqueous mounting medium (Aquatex; Merck, Darm- extension preamplification (I-PEP)-PCR (Dietmaier. et
stadt, Germany) and a glass coverslip. Samples were al, 1999) was used with major modifications (Table 1)
stored frozen at -20" C until examined. in a Perkin Elmer 9600 thermocycler (Foster City,

For determination of optimal tissue fixation and California). I-PEP-PCR was set up by adding 30 gi of
immunohistochemistry, fresh tissue samples were cut I-PEP mix [final concentration: 0.05 mg/ml gelatin, 20
in three pieces and fixed in 95% ethanol/0.01 mmol/L Amol/L (N),5 random primer, 1 mmol/L each dNTP, 3
EDTA, 85% ethanol/0.2 mmol/L EDTA, and 70% eth- U of Taq Expand High Fidelity polymerase, 6 mmol/L
anol/1 mmol/L EDTA, respectively. After 24 hours, MgCI2, in 1 × PCR buffer No. 3 from Roche] to 10 Al of
tissues were paraffin embedded, and immunohisto- lysis buffer containing the lysed cell. PCR was run for
chemical staining was performed as described above. 50 cycles as follows: Step 1: 950 C for 2 minutes; Step
The quality and reproducibility of staining was as- 2: 95' C for 30 seconds; Step 3: 28* C for 90 seconds;
sessed independently by two pathologists (YS and Step 4: ramp 0.1' C per second to 55' C; Step 5:
LMW). DNA integrity was routinely assessed after 55' C for 2 minutes; Step 6: 68' C for 3 minutes; Step
Proteinase K digestion (2 mg/ml final concentration for 7: go to Step 2, 49 times; Step 8: 680 C for 15 minutes;
16 hours followed by a 10-minute inactivation step at and Step 9: 4' C. Exons 5 to 9 of the TP53 gene were
90' C) of cells from a variety of tissues scraped from amplified in a nested PCR approach: first-round PCR
serial sections taken at different stages of tissue was performed as a multiplex PCR using upstream
processing and immunohistochemical staining. Eight- and downstream primers specific for each exon
microliter aliquots of digested cell samples were elec- tagged with an unrelated chimeric 20-nucleotide se-
trophoresed through a 1% agarose gel for 30 minutes quence at the 5' end of all primers (Shuber et al, 1995)
and stained with ethidium bromide. (Table 2). Second round PCR was performed in a

nested or hemi-nested condition using primers given
Preparation of Single Cells from Ce/I Cultures and from in Table 2. Five microliters of I-PEP-PCR product was

Paraffin-Embedded, Immunohistochemically Stained aliquoted to 25/•1 of the specific PCR first-round mix:
Tissue Sections 0.2 mmol/L each dNTP; 1.5 mmol/L MgCI2 ; 0.4 lmol/L

primers exons 5, 7, and 9; 0.6)umol/L primers exons 6
Fibroblasts resuspended in PBS were spread onto and 8; 0.5 U of Taq Expand High Fidelity Polymerase;
glass slides and were air dried for 2 hours. After and 0.5 U of Anti-Taq Antibody (Gibco, Eggenstein,
staining with methylene blue, single cells were picked Germany). Each exon was amplified separately in a
with sterile needles (Microlance; Becton Dickinson, second-round PCR. Three microliters of first-round
Franklin Lakes, New Jersey). Single cells or small cell PCR product was aliquoted to 22 i1 of mix containing
clusters on tissue slides staining positive for p53 1.5 mmol/L MgCI2 ; 0.2 mmol/L each dNTP; 0.4
protein overabundance were microdissected using a mmol/L primers exons 5 and 7; 0.6 mmol/L primers
manual micromanipulator (MP285; Sutter Instruments, exons 6, 8, and 9; and 0.3 U of Taq Expand High
Novato, California) equipped with a Tungsten needle Fidelity Polymerase. Cycling conditions were identical
(FHC Inc., Bowdoinham, Massachusetts). An inverted for first-round and second-round PCR: Step 1: 95° C
microscope (Nikon TMS, Melville, New York) was for 2 minutes; Step 2: 95' C for 30 seconds; Step 3:
used. Microdissection was performed as follows: with 550 C for 45 seconds; Step 4: 720 C for 1 minute; Step
a fine surgical needle and at lower magnification, the 5: go to step 2, 29 times: Step 6: 72' C for 10 minutes;
target cell was chosen and the area around it was and Step 7: 40 C. Negative control reactions with
freed from surrounding tissue by scraping a free space water instead of DNA were included in each experi-
as close as possible to the target. After changing to a ment. The presence and relative quantity of PCR
magnification of X40, the cell was then pushed into product was ascertained by resolution on a 2% aga-
the free space with the joystick-operated micromanip- rose gel. The primers of the nested PCR reaction were
ulator, picked up with a new surgical needle, and used for DNA sequencing.
transferred into the PCR tube. Approximately 5 to 10
minutes are necessary to microdissect a single cell DNA Sequencing
from normal colonic epithelium. Fibroblasts in a
single-cell layer were dissected in less than 2 minutes PCR products were purified using Microcon-100 Mi-
per cell and could be dissected manually without the croconcentrators (Amicon Inc., Beverly, Massachusetts)
micromanipulator. Cells were transferred into 10 I.L of and sequenced using the Big Dye Terminator Sequenc-
1 x Taq PCR buffer No. 3 without MgCL2 (Roche) ing Kit (Applied Biosystems, Foster City, California) ac-
containing 400 Mg/mI (fibroblasts) or 1 mg/ml (single cording to the manufacturers instructions. Sequence
cells from tissue sections) of Proteinase K and 3% changes were confirmed by reamplifying from the origi-
Tween-20 (Roche). Cell lysis was performed by incu- nal !-PEP-PCR and sequencing in the opposite direction.
bation for 3 hours (fibroblasts) or 16 hours (single cells Repeated amplifications of the exons from another PEP
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aliquot of the same cell were performed to show that the Garvin AM, Holzgreve W, and Hahn S (1998). Highly accurate

mutation could be reproducibly identified in independent analysis of heterozygous loci by single cell PCR. Nucleic

"aliquots of the PEP. Sample chromatograms were ana- Acids Res 26:3468-3472.

lyzed in a blinded manner by two individuals. Seq Ed (PE Greenblatt MS, Bennett WP, Hollstein M, and Harris CC

Biosystems Foster City, California) and Sequencher soft- (1994). Mutations in the p53 tumor suppressor gene: Clues to

"ware (Gene Codes, Inc., Ann Arbor, Michigan) were used cancer etiology and molecular pathogenesis. Cancer Res

to generate two or multiple sequence alignments, re- 54:4855-4878.

spectively. Differences between sequences were corn- Hachiya M, Chumakov A, Miller CW, Akashi M, Said J, and

pared with the published wild-type sequence using the Koeffler HP (1994). Mutant p53 proteins behave in a domi-

IARC TP53 mutation database (http://www.iarc.fr/p536). nant, negative fashion in vtvo. Anticancer Res 14:1853-1859.
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p53 as a Mutagen Test in Breast Cancer

Kathleen A. Hill and Steve S. Sommer*

Department of Molecular Genetics, City of Hope National Medical Center,
Duarte, California

The p5 3 gene is mutated in about half of all tumors, released lipophilic mutagens preferentially concen-
The p53 gene can be used as a "mutagen test," trated in adjacent adipocytes and originating in
that is, the relative frequencies of the different types the diet. To test this hypothesis, we developed a
of mutation can be used as an epidemiological tool method for measuring mutation load from ethanol-
to explore the contribution of exogenous mutagens fixed, paraffin-embedded human tissues immuno-
vs. endogenous processes in particular cancers. histochemically stained with anti-p53 antibodies.
p53 has been used as a mutagen test in breast Single cells staining positively for p5 3 overabun-
cancer. Surprisingly, the pattern of p5 3 mutations dance are microdissected and the gene is se-
differs among 15 geographically and ethnically quenced. It is possible to identify individuals with a
diverse populations. In contrast, mutation patterns high mutation load in normal breast tissue and who
in the human factor IX gene are similar in geo- are presumably at increased risk for breast cancer.
graphically and ethnically diverse populations. Di- In addition, analysis of the p53 gene with appro-
verse p5 3 mutation patterns in breast cancer are priate mutation detection methodology markedly
consistent with a significant contribution by a di- improves the prediction of early recurrence, treat-
versity of exogenous mutagens. Breast tissue may ment failure, and death in breast cancer patients.
be uniquely sensitive to lipophilic mutagens be- Mutagen tests and mutation load measurements
cause of its unique architecture, characterized by are useful tools to identify the role of mutagens in
tiny islands of cancer-prone mammary epithelial breast cancer. Environ. Mol. Mutagen. 39:
cells surrounded by a sea of adipocytes. Mammary 216-227, 2002.
epithelial cells may be differentially susceptible to @ 2002 Wiley-Liss, Inc.

Key words: p53 gene; environmental mutagens; endogenous processes; spontaneous muta-
tions; mutagen test; mutation pattern; mutation load; mutation scanning; genetic
predisposition

BREAST CANCER INCIDENCE, EPIDEMIOLOGY, This effect is seen in the first generation and is more

AND ETIOLOGY dramatic in second and subsequent generations of Japanese

in the United States. Despite intensive study, the origins of
Breast cancer is the most frequent malignancy occurring sporadic breast cancer are largely unknown [Friedenreich

in women worldwide, with some 600,000 new cases arising and Marrett, 2001]. Studies examining the role of specific

each year, and accounts for nearly 20% of all cancers among exposures in breast cancer have found either inconsistent or
women [Higginson et al., 1992]. Breast cancer is the major weak associations [Millikan et al., 1995]. It would be pre-

cause of cancer-related deaths in women residing in the dicted that epidemiologic studies would be inconsistent if
Western world [Coleman, 2000; Kaplan and Wingard, different mutagens predominate in different high-risk co-
2000]. The worldwide incidence of breast cancer varies by
at least fourfold [Coleman et al., 1993; Coleman, 2000]. The
incidence and mortality from breast cancer varies signifi-cantly in ethnically and geographically distinct populations. Presented as a keynote address at the international symposium on BreastCancer and Environmental Mutagens, Bridging Molecular Research to
Northern peoples, including Scandinavians, Scots, Welsh, Medicine and Public Health, Durham, North Carolina, 24 September 2001.
English, and North Americans, have the highest rates ofbEagls, canceNor, h wh erea aicans, Spaniar, ad Centrals ad Grant sponsor: National Institutes of Health; Grant numbers: NS33354 andbreast cancer, whereas Italians, Spaniards, and Central and HL39762.

South Americans have lower rates of breast cancer [Boring Correspondence to: Steve S. Sommer, Chair, Departments of Molecular
et al., 1994]. Striking evidence for the geographic-specific Genetics and Molecular Diagnosis, Professor and Chair, Division of Hu-

factors associated with breast cancer incidence come from man Genetics, City of Hope National Medical Center, 1500 E. Duarte
altered breast cancer incidence for emigrants from low-risk Road, Duarte, CA 91010. E-mail: sommerlab@coh.org
populations to high-risk populations [Stemmermann, 1991; Received 25 September 2001; provisionally accepted 7 November 2001;

Coleman et al., 1993; Coleman, 2000]. Asians, in general, and in final form 23 November 2001
have had very low rates of breast cancer in the past, which
increase upon immigration to the West [Ziegler et al., 1993].

C 2002 Wiley-Liss, Inc.
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horts. Analysis of the pattern of mutation in an endogenous cancer tissues ranges from 10 to 80% [Soussi et al., 1994]. The
human gene generally should allow high-risk cohorts with precise mechanisms by which the p5 3 protein carries out its
different mutagen exposures to be distinguished from each biological function are not clear. The ability of p53 to bind to
other, given the different signatures of mutagens. specific DNA sequences and to activate transcription suggests

an important role in the regulation of cell proliferation [Harris,

SIGNATURE MUTATIONS PERMIT IDENTIFICATION 1996a,b]. Loss of p53 function eliminates the growth-arrest

OF MUTAGENS response to DNA damage [Kastan et al., 1992] and enhances
the frequency of gene amplification [Livingstone et al., 1992;

The mutational process can be characterized by the resulting Yin et al., 1992], suggesting a role for p53 in the control of a
pattern of mutation, defined as the relative frequencies of cell-cycle checkpoint and maintenance of the integrity of the
various categories of mutation (e.g., transitions, transversions, genome [Lane, 1992]. p53 controls the G1 cell cycle check-
deletions, and insertions; see Table I). Virtually all studied point by activating transcription of genes with p53-responsive
chemical mutagens alter the mutation pattern in specific ways elements. The products of these genes trigger G1 arrest after
[Friedberg et al., 1995]. Spontaneous mutation patterns in DNA damage, preventing replication of a damaged DNA
transgenic and endogenous targets are distinct from mutation template. The p53 protein is hypothesized to function in the
patterns following exposures to known mutagens. For exam- maintenance of genomic stability by blocking cells from rep-
ple, benzo[a]pyrene (B[a]P) and ethylnitrosourea (ENU) spe- lication after DNA damage until the damage is repaired, or if
cifically cause point mutations at G:C and A:T base pairs, the damage is extensive, by initiating apoptosis [Lane, 1992].
respectively [Skopek et al., 1996; Walker et al., 1996]. Dim- p53 has several key advantages as a model mutation re-
ethylbenzanthracene (DMBA) causes primarily base pair sub- porter: (1) Mutations in p53 are clustered within exons 5 to 8
stitutions, predominantly A:T -- T:A (44%) and G:C --- T:A (80% of mutations within exons 5 to 8; [Hartmann et al.,
(24%) [Manjanatha et al., 2000]. In human populations, sig- 1995a]). (2) p53 protein is stabilized by missense mutations
nature mutations associated with specific exogenous mutagens primarily occurring in exons 5 to 9. p53 protein stabilization
have been observed in samples of somatic mutations in the p53 permits immunohistochemical staining to identify cells with
tumor-suppressor gene [Harris and Hollstein, 1993; Hussain mutant p53 [Bartek et al., 1990, 1991, 1993; Prosser et al.,
and Harris, 1999], for example, G --* T transversions in lung 1990; Davidoff et al., 1991; Varley et al., 1991]. (3) Mutation
cancers of cigarette smokers [Chiba et al., 1990], C -- T and screening and DNA sequence determination of exons 5 to 9
CC --> TT tandem dipyrimidine transitions in skin cancers involve reasonable effort [Kovach et al., 1991; Blaszyk et al.,
associated with excessive sun exposure [Brash et al., 19911, 1995]. (4) A great deal of information on the degree of se-
and G --> T transversions at arginine 249 in liver cancers quence conservation is available [Soussi et al., 1990]. Despite
associated with aflatoxin exposure [Bressac et al., 1991; Hsu et speculations that the p53 gene is "the guardian of the genome"
al., 1991; Scorsone et al., 1992; Aguilar et al., 1993; Li et al., [Lane, 1992], compelling data indicate that the frequency and
1993]. Such signature mutations can be detected in the muta- pattern of mutation are generally unchanged in normal and
tion pattern with high sensitivity. In a comparison of the tumor tissues of p53 nullizygous mice that develop cancer
pattern of p53 mutations in the lung cancers of cigarette smok- early [Sands et al., 1995; Buettner et al., 1996, 1997]. This
ers with that in colon cancer and the germline, a significant evidence suggests that p53 is a good mutation reporter because
difference (P < 0.0001) could be detected, even though only the background rate of mutations in p53-deficient cells is
nine mutations in lung cancers were available [Sommer, 1990]. similar to that of wild type cells.

In the previous examples, one specific mutagen is be-
lieved to have had a dominant influence on the mutation ANALYSIS OF p53 MUTATIONS IN BREAST
pattern. In general, differences in the mutation patterns CANCER
between populations are attributable to differences in both
endogenous processes and exogenous mutagen exposures, Analysis of mutations in the p53 gene in breast carcino-
and interactions between these influences. Furthermore, mu- mas was developed as a model system for characterizing
tagen exposure may generally involve a mix of mutagens somatic mutations in very small samples of cellulary heter-
with comparable degrees of influence on the mutation pat- ogeneous human cancer tissue [Kovach et al., 1991]. To
tern, rather than one dominant mutagen. Differences be- avoid limitations to molecular analysis resulting from the
tween the mutation patterns in population samples resulting admixture of normal and malignant cells in most human
from such complex differences can be detected. cancer, a method was developed to characterize mutations

in genomic DNA from clusters of as few as 10 tumor cells

p53 AS A "MUTAGEN TEST" in stained touch preparations of fresh or previously frozen
tissue from primary and metastatic cancers. The touch prep-

Alterations of the p53 tumor-suppressor gene are the most arations viewed by light microscopy contained only malig-
frequent genetic abnormalities in human malignancies [Green- nant cells in compact clusters. The morphology of cells
blatt et al., 1994]. The frequency of p53 mutations in various stained with toluidine blue/methylene blue was adequate for
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TABLE II. Analysis of the Patterns of Described p53 Mutations in Breast and Lung Cancer'

No. of No. of n X 8 table No. of P < 0.05 P < 0.05 P < 0.10 P < 0.10
Cancer cohorts mutations P value comparisons expected observed expected observed

Breast 15 357 0.0032 105 5.25 29 10.5 46
Lung 9 332 0.65 45 2.25 4 4.5 8

'Blaszyk et al., 1996.

the unequivocal determination of the malignant phenotype using identical methods [Blaszyk et al., 1994, 1996; Saitoh
of all cells in clusters selected for study. A nested pair of et al., 1994; Hartmann et al., 1995b, 1996]. The differences
PCR amplifications of DNA was used to increase the between populations with breast cancer are unlikely to
amount of target-gene sequence sufficiently to permit direct represent varying mixtures of just two or three mutagens in
sequencing of regions of likely functional significance in a diverse populations, given that subanalyses by the Fisher
1.9-kilobase genomic segment including exons 5 through 9 exact test reveal that the differences are attributed to highly
of p53. The exons encompass all the hot spots for p53 distinct patterns of mutations (Table II).
mutations and cover the region in which the majority of Interestingly, low-risk populations from southern Japan
mutations have been found [Hartmann et al., 1995a]. The showed an intermediate pattern of mutations, such that there
touch preparation technique was performed for breast as a was no significant difference from any of the high-risk
model system and was also successful in prostate, pancreas, populations [Blaszyk et al., 1996]. One hypothesis is that
ovary, colon, and thyroid [Kovach et al., 1991]. the mutation pattern in this population predominantly re-

flects a baseline endogenous pattern. Mutagens present in

INCIDENCE OF p5 3 MUTATIONS IN BREAST high-risk populations might skew the endogenous pattern in

CANCER different directions, generating patterns that are more dif-
ferent from one another than from the endogenous mutation

A significant proportion of breast tumors contains cells pattern. It will be of interest to analyze the pattern of p53
with mutations in p53 (Table I). Significant differences exist gene mutations in other populations with a very low risk of
among human populations in the percentage of breast tu- breast cancer and in cohorts from low-risk populations who
mors with mutations in p53. The percentage of tumors with immigrated to a high-risk area.
mutations in an examination of 15 populations including
both populations with high and low breast cancer risk DIFFERENCES IN p53 MUTATION PATTERN
ranges from 15 to 71%. Both high- and low-risk populations AMONG U.S. POPULATIONS
have high and low incidences of p53 mutations in breast
tumors. The incidence of p53 mutations (exons 5 to 8) in Breast cancer in black American women has a worse
breast cancer is generally lower than the occurrence of prognosis than that in white women, especially in Midwest
mutations in the same region in colorectal tumors (86% of urban centers and the northeast in the United States. Black
28 tumors with loss of one p53 allele) [Baker et al., 1990]. women in Michigan had the highest average annual age-

adjusted mortality in the United States for 1984-1988.

p5 3 MUTATION PATTERNS VARY AMONG 15 Global analyses of eight mutation types and three popula-
POPULATIONS tions (black Detroit, rural Midwest white, and Scottish

populations; Table III) show highly significant intergroup
The majority of 15 breast cancer populations investigated differences (P = 0.014, Fisher's exact test in a 3 X 8 table).

show distinct patterns of mutation (Table I). Analyzing all Pairwise comparisons showed the major differences were a
15 populations by the Fisher's exact test showed a global higher frequency of all types of transitions in U.S. blacks
intergroup difference (Table II). The statistical significance compared with that of U.S. whites (P = 0.02) and with
is retained if any one of the 15 populations is excluded, Scottish whites (P = 0.038), and in particular, A:T ---> G:C
indicating that no single sample accounted for the differ- transitions compared with U.S. whites (P = 0.016). Tran-
ences among populations. Pairwise analyses of the muta- sitions at non-CpG dinucleotides were also more common
tional patterns confirm an excess of differences among the in U.S. blacks than in whites (P = 0.014). G:C -- T:A
populations (Table II). Many of the differences are substan- transversions were more common in the Scottish population
tial because statistical significance was often observed with than in U.S. whites (P = 0.046) and microdeletions/inser-
only relatively few mutations divided among the eight mu- tions were more frequent in the U.S. white group than in the
tational types. The differences are unlikely to be attributed U.S. blacks (P = 0.042) and in the Scots (P = 0.006).
to methodological biases because different patterns were The basis for the observed excess of A:T --> G:C transi-
found among six populations analyzed by one laboratory tions (31%) in the black patients is not known but is hy-
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2 • pothesized to be a population-specific environmental expo-
-, 0 000 0-~ *• * . sure or endogenous process. A:T -> G:C transitions

-9 comprise 10% of all mutations reported in the p53 gene in
• 5 human cancer, including breast cancers from pooled popu-

S - lations [Biggs et al., 1993]. An excess of A:T -- G:C
. "• • mutations in a particular population might result from in-

, ,0'/*• • 0- 'O'0'o , .• , creased exposure to exogenous or endogenous nitric oxide

0 and/or defective repair of the deaminated adduct induced by
S• nitric oxide [Wink et al., 1991; Habuchi et al., 1993]. The

4 " detection of a novel fingerprint of mutations in breast can-
en D Coo .t cers of black women leads to a testable hypothesis that an

v • . important bioregulatory molecule, nitric oxide, and other
.= 0 types of nitrites, might be significant contributors to muta-Ir

•' tion of the p53 gene in certain populations.
U

0 ' p5 3 MUTATION PATTERNS IN BREAST, LUNG,

S• SKIN, AND LIVER CANCER

0 o • In contrast to breast cancer, the number of pairwise
, •-'c 7000 00 • • differences found in lung cancer among nine cohorts of

0 predominantly smokers is similar to chance expectation

T a (Table II). Diverse ethnic groups might respond similarly to
G mutagens in cigarette smoke, or this powerful mutagen

:. g mixture overrides genetic predispositions in diverse popu-
- -2 C M 0-, .- : lations. The pattern in smokers differs markedly from the

01 pattern observed in lung cancers from nonsmokers
'• .• [Takeshima et al., 1993]. Ethnically and/or geographically

k Z diverse populations show similar mutational responses to
' U Intr- 00 lad the complex mixture of mutagens present in cigarette
• .• - smoke. p53 mutation patterns in breast cancer are also

g • significantly different from the p53 mutation patterns in skin
c'• and liver cancer (Table IV).

• -S THE HUMAN FACTOR IX GENE AS A GERMLINE
A• "MUTAGEN TEST"

~,..,
en '" • -------------- , The observations in somatic mutation data indicate that

;• 1 " 2 * any mutagen or mix of mutagens that has a substantial

9 ' influence on germline mutation in a particular population
0 0 would be revealed in the germline mutation pattern. Hence,

S.. .. the germline mutation pattern in the human factor IX gene
r;1 ° has been analyzed in mutation samples from geographi-

4. 2l q cally, racially, and ethnically diverse human populations
r. M 5 v z -a [Bottema et al., 1993; Saad et al., 1994; Sommer, 1994;

"> "d u • Thorland et al., 1995; Chen et al., 1998; Heit et al., 1998;
8 Morley and Turner, 1999; Li et al., 2000; Liu et al., 2000].

,U A L 5,>. Because there was no selection for any particular mutagen

,r .= .. ". o a, exposure, these samples represent typical mutagen expo-

A g .- sures in the population. The germline mutation patterns in
- . these diverse population samples are significantly different

E 0 from somatic p53 mutation patterns discussed above but are
- . 2 E 0 remarkably similar to each other (Tables III and IV). The

.= L " a similarity of the observed germline mutation patterns sug-

- " 02 ' "' gests that if there is any population-specific mutagen expo-
1 sure, it does not have a substantial influence on germline
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TABLE IV. Pairwise Comparison of Mutation Patterns in the Factor IX and p53 Genes'

Germline factor IX mutation in Somatic p53 mutations in Somatic p53 mutations in
population samples tumor samples breast tumor samples

Squamous Midwest
US/Canadian Mexican Lung cell skin Liver Detroit US rural Scottish

Caucasian Hispanic Chinese cancer cancer cancer blacks whites whites

Germline factor IX US/Canadian Caucasian 0.9 0.6 0.001 0.004 0.001 0.880 0.043 0.081
mutation in Mexican Hispanic 0.6 0.003 0.010 0.001 0.402 0.430 0.100
population samples Chinese 0.001 0.020 0.001 0.598 0.426 0.037

Somatic p53 Lung cancer 0.004 0.040 0.004 0.001 0.145
mutations in tumor Squamous cell skin cancer 0.000 0.003 0.007 0.078
samples Liver cancer 0.000 0.000 0.011

Somatic p53 Detroit blacks 0.027 0.361

mutations in breast Midwest US rural whites 0.012
tumor samples Scottish whites

'Pairwise comparison of the patterns in Table III. P values were computed using Fisher's exact test.

mutation. Detailed analysis of the human factor IX gene as to four generations is compatible with the pattern of muta-

a model for germline mutation reveals a pattern of mutation tion required to produce the bias against G and C nucleo-

that is similar among a variety of ethnic and geographic tides in factor IX (40% G + C content) that was shaped long

groups [reviewed in Sommer et al., 2001]. The pattern of before modem industrial times [Bulmer, 1986]. The second

germline mutation in the factor IX gene indicates that eth- line of evidence is that the pattern of factor IX deep intronic

nically and/or geographically diverse populations respond sequence changes with respect to the factor IX sequence that
similarly to the heterogeneous mutational insults resulting existed when humans diverged from the other primates is

from multiple endogenous germline mutagens. similar to the pattern of recent mutations in hemophilia B

The similarity of the observed germline mutation patterns is patients [Feng et al., 2002]. These deep intronic sequence

compatible with the hypothesis that universal endogenous changes provide a window into the mutational processes be-

mechanisms are the dominant causes of human germline mu- fore modem times, given that most occurred earlier and per-

tation [Gostout et al., 1993]. This hypothesis makes sense from sisted because of the lack selective pressure in these regions. In

an evolutionary perspective because endogenous processes the context of the hypothesis that endogenous mechanisms

that cause germline mutation provide a selective advantage by predominate in and essentially control germline mutation,

enhancing the ability to adapt to environmental changes. It is these lines of evidence indicate that any increased exposure to

likely that evolution selected endogenous processes that cause mutagens associated with modem industrial societies has not

germline mutation to set the rate of germline mutation suffi- overwhelmed the cellular control of germline mutation.
ciently high for adaptation to environmental changes, but not
so high that it causes excessive morbidity. Endogenous mech- A POPULATION-SPECIFIC HOTSPOT OF MUTATION

anisms that may be involved in germline mutation include IN THE FACTOR IX GENE
physicochemical processes, the action of endogenous mole-
cules, and enzymatic processes [Bottema et al., 1991]. One Nucleotide 17747 was found to be a significant non-CpG
physicochemical process, spontaneous deamination of methyl- hotspot of factor IX germline mutation in Latin American

ated cytosines to thymines, is the likely cause of mutations that populations [Drost et al., 2000]. Observed recurrent sites of

occur at a CpG dinucleotide, approximately one quarter of all mutation in a population sample may be indicative of mu-

factor IX mutations [Gojobori et al., 1982]. Certain mutagens, tagenic mechanisms specific to that population, although the

however, may preferentially affect CpG residues [Li et al., possibility that such an observation occurred by chance

1984]. must be ruled out. Initial population samples may be small,
Further support of the predominance of endogenous so statistical methods appropriate for small samples must be

mechanisms in germline mutation comes from two lines of applied. For example, two base substitutions at each of two
evidence that indicate that human germline mutation has not nucleotides in factor IX but not part of CpG dinucleotides

been substantially influenced by any recent increased expo- were recently reported in a small population sample col-

sures to mutagens. Increases in mutagen exposures in recent lected in Mexico [Ketterling et al., 1994]. When these new

times might be expected as a consequence of the vast data were combined with previously collected mutation data
increases in the number and volume of man-made chemicals to form two progressively larger and inclusive Latin Amer-

produced in modem industrial societies. The first line of ican samples, additional mutations were observed at one

evidence is that the pattern of mutations ascertained in recurrent site, nucleotide 17747, and an additional recurrent

hemophilia B patients and which originated in the last two nucleotide was observed. The recurrent nucleotides in these
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samples were significant (P < 0.0003 for both combined bran dietary fibers [Harris et al., 1998]. The anatomy of breast
sets as computed by simulation) [Sommer and Ketterling, tissue may predispose mammary epithelial cells to mutagene-
1993]. In contrast, in three non-Latin American control sis by lipophilic mutagens present in adipocytes (70-90%
samples, there was at most only one nucleotide that recurred breast mass). It has been postulated that lipid-soluble agents
only once, most likely a chance recurrence (P -- 0.5). When could be sequestered by mammary tissue [Beer and Billing-
the significance of substitutions was individually analyzed ham, 1978]. Throughout adult life, the glandular tissue of the
at each recurrent nucleotide, nucleotide 17747 was shown to breast in nonlactating women secretes and reabsorbs fluid
be a significant recurrent nucleotide by itself in all the Latin [Petrakis et al., 1980]. Such events may result in exposure of
American population samples (P : 0.02). Furthermore, a epithelial cells to xenobiotics [El-Bayoumy, 1992].
standard statistical comparison of mutation frequencies in Compounds of endogenous and/or exogenous origin have
the previously collected data alone confirmed that the fre- been detected in breast fluid and some of these compounds
quency of mutation at nucleotide 17747 is significantly may be genotoxic [Wrensch et al., 1989]. Perhaps this
higher in Latin Americans than in all other populations reflects the unique biology of breast tissue, in which clusters
combined (P = 0.01). Thus, nucleotide 17747 is a germline of mammary cells are surrounded by adipocytes. In adult-
mutation hotspot in factor IX specific to Latin American hood, adipocytes cannot replicate but they can concentrate
populations. This may be the first evidence for population- the great diversity of lipophilic mutagens from vegetables
specific effects on germline mutation that causes human and from meat products (which may well derive from the
genetic disease. No dramatic population-specific hotspots of diets fed to the animals). These stored lipophilic mutagens
mutation in the p53 gene in breast cancer were observed, could diffuse into neighboring mammary cells. This hypoth-

esis is compatible with the frequent but inconsistent corre-

A ROLE FOR DIETARY FAT IN THE lation of fat in the diet with risk of breast cancer [Byers,

EPIDEMIOLOGY OF BREAST CANCER 1994]. Mammary epithelial cells may be: (1) differentially
susceptible to lipophilic mutagens originating in the diet and

It is unclear what role the amount and nature of dietary fat preferentially concentrated in adjacent adipocytes and (2)
may play in the initiation and promotion of breast cancer, differentially susceptible to the type of fat consumed in the
The results of studies of dietary fat and calories in experi- diet. Forty percent of lipid extracts from human breast
mental rodent mammary gland tumorigenesis show that tissues (derived from reduction mammoplasties) are muta-
hyperalimentation of fat, either saturated or unsaturated, genic in in vitro mutation assays [Martin et al., 1997,
significantly stimulates tumorigenesis [Welsch, 1994]. Mice 1998a,b]. These lipid extracts also produced evidence of
fed a Western-style diet (high fat and phosphate and low DNA damage in cultured cells isolated from human breast
calcium and vitamin D) show significantly increased mam- milk [Martin et al., 1999]. The anatomy of breast tissue may
mary epithelial cell proliferation [Lok et al., 1992; Xue et predispose human mammary epithelium to mutations from
al., 1996]. The stimulatory effect of high levels of dietary fat lipophilic mutagens concentrated in adjacent adipocytes. A
appears to act primarily at the promotional stage. In addi- sea of adipocytes surrounds tiny islands of cancer-prone
tion, fatty acids may affect initiation and promotion of mammary cells. Adipocytes may also be heavily mu-
breast cancer, perhaps related to the formation of reactive tagenized by lipophilic mutagens, but they are unable to
metabolites of unsaturated fatty acids (malondialdehyde) divide, so cancer is not an outcome of these mutations.
[Hietanen et al., 1986]. A current view is that the mammary
tumorigenic-enhancing activities of a high-fat diet is, at MUTATION LOAD MEASURED IN NORMAL
least in part, through a caloric mechanism [Welsch, 1994]. HUMAN TISSUES
Epidemiologic investigations regarding the relationship be-
tween the amount and the type of fat consumed and breast To test the lipophilic mutagen hypothesis another ap-
cancer have produced conflicting results [Hunter et al., proach is to determine mutation load (the frequency and
1996; Clavel-Chapelon et al., 1997; Wynder et al., 1997; pattern of mutations) in normal and tumor tissues in differ-
Woutersen et al., 1999] and a mechanism by which dietary ent populations exposed to different diets. Recent advances
fat may modulate carcinogenesis has not been elucidated, permit routine mutation analysis using a single cell micro-

A likely interpretation of the mutation pattern data is that dissected from routinely processed paraffin-embedded nor-
different mutagens produce breast cancer in different popula- mal and tumor tissues. Major improvements have recently
tions. Although direct evidence is lacking, there is growing been made to tissue fixation and processing and single cell
indirect evidence that genotoxic agents in the environment and DNA amplification to enable the analysis of rare heterozy-
particularly of dietary origin may play a causative role in the gous mutations in the p53 gene of single cells microdis-
etiology of breast cancer [Biggs et al., 1993; Ziegler et al., sected from ethanol-fixed, paraffin-embedded, and immu-
1993]. Some of the agents are even known to be mammary nohistochemically stained sections of normal human tissue
carcinogens in rodents [El-Bayoumy, 1992]. Hydrophobic mu- [Heinmoller, 2002]. The tissue-fixation protocol for para-
tagens have been found to adsorb to cereal brans and cereal ffin-embedded tissues has vastly improved the mainte-
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TABLE V. Univariate Analysis of Prognostic Factors for Overall and Disease-Free Survival
in 90 Breast Cancer Patients'

Disease-free survival Overall survival
Prognostic Indicator (P value)b (P value)b

Estrogen receptor status (negative vs. positive) 0.002 0.053
Lymph node status (positive vs. negative) 0.177 0.209
Lymph node status (>4 pos. vs <4 pos.) 0.276 0.138
TNM tumor stage0 (1iB-Ill vs. I + 1IA) 0.095 0.703
Tumor size (>2 cm vs. <2 cm) 0.430 0.18
p53 IHCd 0.020 0.003
p53 mutation 0.003 0.0001

'Blaszyk et al., 2000. Average follow-up of 60 months.
bExact log-rank statistics.

cAmerican Joint Committee on Cancer (3rd ed.).
'1HC; immunohistochemistry.

nance of DNA integrity with the use of ethanol and EDTA. tumors with preserved normal p53 function. Initial studies
Single-cell microdissection was achieved by a simple and of the p53 gene in breast cancer examined the association
easy-to-operate manual microdissection device. The success between cancer prognosis and p53 overexpression detected
rate of PCR amplification from DNA obtained from a single by immunohistochemistry [reviewed by Barbareschi, 1993],
cell dissected from paraffin-embedded tissue has been in- although differences in technique and variability in the
creased to a level where serial analyses of mutations in a frequency and intensity of the immunoreactivity confound
single cell from normal or tumor tissue can be performed in these analyses. In a meta-analysis of p53 overexpression
a reasonable number of experiments (Heinmoller et al. using immunohistochemistry and over 9000 breast cancer
2002; Sommer, unpublished observations). This technique patient tumors, the prognostic and predictive value of the
has demonstrated preferential and significantly increased p53 protein overexpression appeared weak [Barbareschi,
detection of mutations of likely functional relevance in 1993]. The prognostic significance of p53 mutations in
single cells staining immunohistochemically for p5 3 over- breast cancer was reported in an analysis of mutations
abundance (Sommer, unpublished observations). This meth- detected by a yeast functional assay [Chappuis et al., 1999].
odology is to be the basis for further studies to determine a However, the yeast functional assay detects only a subclass
p53 mutation load in normal tissues in the context of cell of p53 mutations and the functional relevance of these
and tissue morphology, enabling an estimation of individual mutations in human cancers is not known. Examination of a
cancer risk well in advance of the development of malignant subclass of p53 mutations is expected to underestimate the
disease. significance of p53 mutations as a prognostic indicator

because false negatives are generally the major problem
p 5 3 GENE MUTATION MAY BE THE MOST with a functional assay. Several other studies have directly
IMPORTANT PROGNOSTIC INDICATOR correlated p53 gene mutations with breast cancer prognosis
IN BREAST CANCER but none was conducted prospectively [reviewed in Blaszyk

et al. 2000]. Relative risks were between 2.2 and 3.3 but
The driving force for the work on p53 as a mutagen test

in human breast cancer was the use of mutations in this gene these analyses are difficult to compare because of different

as an epidemiological tool to compare cohorts with similar variables used for analyses by the different groups. These

mutagenic etiology, given the initial hypothesis that there studies underestimate the contribution of p53 mutations

might be two or three important etiologies in breast cancer because significant numbers of mutations are missed [Hart-

rather than just one. The work as described suggests a mann, 1997]. Analyses were designed to detect virtually all

diversity of mutagens as judged by the multiple patterns of mutations by use of the following methods: (1) touch prep-

mutation found in geographically or ethnically diverse pop- arations of breast cancers to yield clusters of pure tumor

ulations. However, follow-up of the analyzed patients also cells; (2) dideoxyfingerprinting [Sarkar et al., 1992], which

allows the effect of p53 mutations on outcome to be as- detects virtually 100% of mutations in the p53 gene and

sessed. Cells lacking normal p53 function have a selective other genes [Sarkar et al., 1992; Blaszyk et al., 1995], to
growth advantage and are more resistant to ionizing radia- screen for mutations; and (3) analysis of exons 4 through 10
tion and some widely used anticancer drugs than cells with of the p53 gene. p53 mutations were found to be the single
wild type p53 protein [Lowe et al., 1993; Zambetti and most important predictor for early recurrence and death
Levine, 1993]. Thus cancers with mutated p53 genes might (Table V) [Kovach et al., 1996; Blaszyk et al., 2000].
be expected to behave more aggressively clinically than Substantial prognostic significance of p53 mutations in
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breast cancer remained significant with a follow-up period tering, and patterns of p53 gene mutations differ among these two
of 60 months (Fig. la, b) [Blaszyk et al., 2000]. low-risk populations. Oncogene 13:2159-2166.

Blaszyk H, Hartmann A, Cunningham JM, Schaid D, Wold LE, Kovach JS,
Sommer SS. 2000. A prospective trial of midwest breast cancer

CONCLUSION patients: a p53 gene mutation is the most important predictor of
adverse outcome. Int J Cancer 89:32-38.

In conclusion our present data demonstrate that p53 mu- Boring CC, Squires TS, Tong T, Montgomery S. 1994. Cancer statistics,

tation patterns are heterogeneous, consistent with popula- 1994. CA Cancer I Clin 44:7-26.
Bottema CDK, Bottema MJ, Ketterling RP, Yoon H-S, Janco RL, Phillips

tion-specific environmental mutagen exposures. Two ap- JA III, Sommer SS. 1991. Why does the human factor IX gene have
proaches are currently in use to test a hypothesis that a G + C content of 40%? Am J Hum Genet 49:839-850.
mammary epithelial cells may be differentially susceptible Bottema CDK, Ketterling RP, Vielhaber E, Yoon H-S, Gostout B, Jacob-
to a diversity of lipophilic mutagens originating in the diet son DP, Shapiro A, Sommer SS. 1993. The pattern of spontaneous

and preferentially concentrated in adjacent adipocytes. germline mutation: relative rates of mutation at or near CpG

Spontaneous mutation patterns in mouse, including muta- B dinucleotides in the factor IX gene. Hum Genet 91:496-503.
Brash DE, Rudolph JA, Simon JA, Lin A, McKenna GJ, Baden HP,

tion patterns for mammary tissues, do not show tissue Halperin AJ, Ponten J. 1991. A role for sunlight in skin cancer:

specificity and provide a baseline for analysis of environ- UV-induced p53 mutations in squamous cell carcinoma. Proc Natl
mental mutagen exposures. It is also possible to measure Acad Sci USA 88:10124-10128.

mutation load in normal human tissues. Use of methodology Bressac B, Kew M, Wands J, Ozturk M. 1991. Selective G to T mutations

designed to detect virtually all mutations revealed that p53 of p53 gene in hepatocellular carcinoma from southern Africa.
Nature 350:429-431.

gene mutations might be the most important prognostic Buettner VL, Hill KA, Nishino H, Schaid DJ, Frisk CS, Sommer SS. 1996.
indicator in breast cancer. Increased mutation frequency and altered spectrum in one of four

thymic lymphomas derived from tumor prone p53/Big Blue trans-
genic mice. Oncogene 13:2407-2413.
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SCIMLA, A GENERAL TOOL FOR MEASURING SOMATIC MUTATION
LOAD IN SOLID TISSUES: DRAMATIC INTER-INDIVIDUAL VARIATION
IN MAMMARY CELLS IS CONSISTENT WITH THE LIPOPHILIC
MUTAGEN HYPOTHESIS OF BREAST CANCER

Cancer is a disease of mutations and most if not all mutagens are carcinogens. More
rigorous analysis of the relationship between mutations and cancers would benefit from
a general method of measuring of mutation load, i.e., mutation frequency, pattern and
spectrum, in humans and animals. Single Cell Imunohistochemical Mutation Load
Assay (SCIMLA) is a method to measure somatic mutation load from single cells.
SCIMLA requires reporter genes in which missense mutations often cause protein
accumulation. P53 is the prototype reporter gene; other reporter genes will be
developed. For SCIMLA, single cells that stain positively for protein accumulation are
microdissected from ethanol fixed and paraffin embedded tissues. The reporter gene is
amplified from the single cell and sequenced for somatic mutations. SCIMLA was used
to test a first prediction of the lipophilic hypothesis of breast cancer, i.e. mammary cells
are uniquely sensitive to a diverse population of lipophilic mutagens in the diet due to
the unique anatomy of breast tissue: many tiny islands of cancer-prone mammary cells
surrounded by a sea of terminally differentiated fat cells that serve to concentrate
lipophilic mutagens. Our observation of marked interindividual variation in mammary
cell mutation pattern is consistent with the hypothesis that marked interindividual
variation in mutation pattern could reflect dietary exposure to the mutagenic fingerprints
of a diversity lipophilic mutagens. Based on these data, a mouse model is being used
to examine directly the effect of dietary lipophilic mutagens on mutation frequency and
pattern in mammary vs colon and lung epithelium.
Conclusion:
SCIMLA is a tool for making key and unprecedented measurements of somatic mutation
from single cells in situ, which may clarify the relationship between mutations and
cancer as well as other diseases. The dramatic interindividual variations observed in
mammary tissues constitutes the first biological application of this novel technology.


